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EXECUTIVE  SUMMARY 

The  physiology  and  biochemistry  of  the  microorganisms  participating  in  the 

sulphur  cycle  are  discussed. 

Of  particular  importance  to  the  Alberta  situation  are  the  sulphur  oxidizing 

microorganisms  belonging  to  the  "Colourless  Sulphur  Bacteria"  group,  with 
special  reference  to  the  thiobacilli. 

New  species  of  the  thiobacilli  native  to  Alberta  have  been  isolated  and 
characterized;  their  biological  properties  are  compared  to  other  known  species. 

Biological  oxidation  of  inorganic  sulphur  can  have  economic  and  ecological 
repurcussions  (i.e.,  (a)  creation  of  acid  soils,  with  accompanying  leaching  of 

nutrients  such  as  Fe^^  and  Al^^  resulting  in  toxicity  to  plants,  and  (b)  acid 
production  causing  direct  damage  to  plant  tissues). 

Three  main  factors  affecting  the  oxidation  of  fugitive  (wind  blown)  sulphur 
include  the  sulphur  itself,  the  sulphur  oxidizing  microorganisms,  and  the  soil 
envi  ronment . 

With  regard  to  the  sulphur  itself,  its  microcrystal 1 ine  structure  and  particle 
size  affect  the  biological  oxidation  rate. 

Different  sulphur  microorganisms  can  oxidize  sulphur  at  different  rates;  the 
most  prolific  oxidizers  belong  to  the  genus  Thiobaci 1 1  us . 

The  microbial  oxidation  of  sulphur  in  the  soil  is  markedly  affected  by  tempera- 
ture, moisture  and  nutrients,  and  soil  type. 

Fugitive  (wind  blown)  sulphur  from  existing  stock  piles  or  prilling  operations 
will  create  an  ideal  soil  environment  for  the  sulphur  oxidizing  thiobacilli, 
the  end  result  being  acidification  of  the  soil. 

Long  term  studies  (eight  years  -  see  Lore  (1984)  in  References  Cited)  of  SO2 
contamination  of  soils  from  a  nearby  gas  plant  did  not  show  acidification 
trends,  suggesting  that  acidification  of  soils  from  SO2  deposition  is  not  as 
severe  as  wind  blown  sulphur  dust  contamination. 

Liming  an  acid  soil  polluted  with  sulphur  only  masks  an  existing  problem  and 
really  provides  a  more  favourable  environment  for  continued  microbial  sulphur 
oxidation  and  acidification. 
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12.  More  extensive  microbiological  research  on  liming  acid  soils  and  the  subsequent 
effects  on  soil  properties  and  dynamics  is  required. 

13.  To  prevent  the  thiobacilli  from  oxidizing  fugitive  sulphur,  the  following  steps 
are  recommended:  (a)  reduce  the  sulphur  content  in  the  soil;  (b)  develop  a  new 
liming  procedure;  and,  (c)  stop  the  fugitive  sulphur  at  the  source. 

14.  A  comparative  time  study  on  the  effectiveness  of  CaCOa  versus  Ca(0H)2  in 
treating  acid  soils,  and  on  the  effect  of  these  treatments  on  the  thiobacilli 
and  general  soil  microbial  activity  is  essential. 

15.  The  effect  of  liming  an  already  acid  polluted  soil  on  the  physiological  groups 

of  microorganisms  needs  to  be  studied  to  ascertain  the  time  required  for  re- 
establishment  of  normal  soil  biological  activity. 

16.  More  studies  on  the  mechanisms  of  the  adhesion  of  the  thiobacilli  to  sulphur 
are  required  so  that  we  are  in  a  better  position  to  make  recommendations 
regarding  control  of  these  organisms  and  their  acidification  process  in  soil. 

17. We  have  pioneered  the  TEW  (Thiobaci 1 lus  Early  Warning)  system  which  monitors 

and  predicts  in  advance  those  soils  which  may  become  acid  due  to  fugitive 
sulphur  contamination. 
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1  .  INTRODUCTION 

Until  recently  sulphur  in  the  soil  system  has  not  received  a  great  deal  of 
attention.  A  renewed  interest  in  this  subject  is  due  in  part  to  the  sulphur  deficiencies 
in  various  agricultural  soils  throughout  the  world  (Coleman  1966;  Wainwright  1978;  Beaton 
and  Soper  1985)  and  also  because  one  of  the  attributed  causes  of  the  spreading  acid  soil 

phenomenon  has  been  the  photo-  and  wet  chemical  oxidation  of  fugitive  sulphur  and 
nitrogen  oxides  present  in  industrial  emissions.  The  oxides  are  converted  to  their 
corresponding  acidic  anions  and  are  deposited  onto  the  soils  during  rain  (Cadle  1975; 
Takahashi  etal.  1975;  Babich  and  Stotzky  1978a;  and  Grennfelt  etal.  1980).  More 

specifically,  Kellogg  et  al.  (1972)  estimated  that  95%  of  anthropogenic  emissions  of 
atmospheric  sulphur  are  in  the  form  of  SO2  (sulphur  dioxide).  As  Alberta  is  the 

world's  largest  producer  of  sulphur,  the  potential  for  acid  deposition  problems  from 

industrial  processing  (SO2  from  sour  gas  processing  or  sulphur  dust  from  S°  granulation 
operations)  and  storage  of  sulphur  are  real  and  cannot  be  overlooked.  The  problem  of 
acidification  of  soils  is  much  more  complex,  however,  as  there  are  other  natural 
processes  by  which  soils  may  become  acidified.    These  are  summarized  as  follows: 

1.  acid  production  from  carbonation  of  water  (Ulrich  1980;  Tabatabai  1985); 
2.  acid  production  from  the  microbial  decomposition  of  plant  residues 

(Stevenson  1967;  Tabatabai  1985); 
3.  acid  production  from  microbial  nitrification  (Alexander  1971); 
4.  acid  production  from  the  oxidation  of  sulphide  minerals  (Alexander  1971; 

Metson  et  al .  1  977  ) ; 

5.  acid  production  from  the  microbial  oxidation  of  elemental  S  (Attoe  and 

Olson  1966;  Adamczyk-Winiarska  et  al.  1975;  Bollen  1977;  and  Laishley  and 
Bryant  1985); 

6.  acid  production  from  the  microbial  oxidation  of  sulphur  construction 
materials  (Laishley  et  al.  1979;  Laishley  and  Bryant  1985). 

It  is  apparent  from  this  list  (as  in  Laishley  (1985))  that  microorganisms  play 
a  key  role  in  the  transformation  of  sulphur  compounds  to  acid.  The  same  microorganisms 
are  also  involved  in  maintaining  the  intricate  sulphur  cycle  which  is  critical  to  soil 

fertility.  Part  of  the  purpose  of  this  review  is  to  examine  the  sulphur  cycle  and  gain 
an  understanding  of  the  beneficial  and  detrimental  roles  performed  by  various  sulphur 
microorganisms.  As  well,  one  should  come  to  learn  that  in  certain  ecosystems  the  balance 
of  the  cycle  has  shifted  (sometimes  naturally  and  sometimes  artificially)  and  that  these 
shifts  can  have  ecological  and  economic  implications. 





2.  THE  SULPHUR  CYCLE  -  MICROBIOLOGY  AND  BIOCHEMISTRY 

2.1  BACKGROUND 

Sulphur  in  the  form  of  sulphate  ion  (S04^  )  is  required  by  higher  plants  for  the 
synthesis  of  sulphur-containing  amino  acids  and  ultimately  for  protein  synthesis.  The 
problem  is  that  most  of  the  sulphur  present  in  soils  is  in  the  unavailable  organic 
sulphur  compound  form,  particularly  in  humid  regions.  For  example,  Freney  (1961)  stated 
that  a  value  of  93%  organic  sulphur  was  typical  of  24  Australian  soils.  High  organic 

sulphur  content  values  (42  -  77%)  have  also  been  reported  in  soils  from  various  parts  of 
the  world  (Walker  and  Adams  1958;  Tabatabai  and  Bremner  1972).  It  is  therefore  important 

that  these  organic  sulphur  compounds  be  transformed  to  S04^  form  which  subsequently 
would  be  available  for  plant  uptake. 

Breakdown  of  organic  sulphur  is  essentially  accomplished  in  two  states: 
mineralization  of  organic  compounds  and  transformation  of  the  reduced  inorganic  sulphur 

to  S04^~.  The  first  process,  mineralization  of  organic  compounds,  refers  to  the  release 
of  inorganic  S  (reduced  and  oxidized)  from  organic  S  and  is  accelerated  by  a  wide  variety 
of  heterotrophic  microorganisms  which  derive  their  energy  from  the  decomposition  of 
organic  matter.  If  the  sulphur  content  of  the  substrate  is  greater  than  that  which  can 
be  utilized  in  biosynthesis  by  the  microorganisms,  the  excess  is  made  available  for  other 
soil  processes  (Reuss  1975).  It  is  true  that  such  microbial  decomposition  produces  both 
organic  and  inorganic  sulphur  compounds  and  in  these  degradation  reactions  bacteria 
(e.g.,  Escherichia  sp.,  Baci 1 1  us  sp.,  Pseudomonas  sp.,  Proteus  sp.,  Sarcina  sp.,  and 
Clostridium  sp.),  acti nomycetes  (e.g.,  Streptomyces  sp.),  and  fungi  (e.g.,  Microspora 
sp.,  Asperqi 1 1  us  sp.,  Candida  sp.,  Fusari um  sp.,  Microsporum  sp.,  Scopul uri opsi s  sp., 
and  Oidium  sp.)  have  been  shown  to  produce  a  host  of  volatile  organic  compounds  such  as 
methyl  mercaptan,  dimethyl  sulphide,  dipropyl  sulphide,  and  carbonyl  disulphide  (Babich 

and  Stotzky  1978a)  as  well  as  non-volatile  organic  compounds  such  as  the  amino  acids 
methionine  and  cysteine.  Although  these  compounds  may  exert  both  negative  effects 
(inhibition  of  nitrification  by  CS2)  and  positive  effects  (e.g.,  dimethyl  sulfide 
provides  broccoli  with  resistance  to  infection  by  fungus  Peronospora  parasiti ca)  on  the 
soil  system  (Powlson  and  Jenkinson  1971;  Bremner  and  Bundy  1974;  and  Greenhalgh  and 
Mitchell  1976)),  very  little  is  known  about  the  overall  impact  of  organic  sulphur 
compounds  on  soil  properties  and  dynamics  (Babich  and  Stotzky  1978a).  However,  the 
majority  of  organic  sulphur  is  released  as  inorganic  substances  like  sulphide,  elemental 

sulphur  (S°),  thiosulphate  (S203^"),  and  tetrathionate  (S406^~)  (Starkey  1966). 
The  potential  for  environmental  problems  from  atmospheric  sulphur  compounds  in 

Alberta  is  largely  due  to  inorganic  sulphur  compounds  (particularly  S°  and  SO2)  emanating 
from  anthropogenic  activities.  This  review  will,  therefore,  concentrate  on  the  microbial 

transformation  of  inorganic  sulphur  compounds  and  the  sulphur  bacteria  which  are  respons- 
ible for  the  transformation  of  most  of  the  inorganic  sulphur  in  soil  (Starkey  1966).  A 

simplied  sulphur  cycle  is  presented  in  Figure  1.  It  will  be  immediately  observed  that 
SO2  is  generally  not  included  as  part  of  the  cycle.  There  are  reasons  for  this  and 

some  comments  regarding  SO2  are  in  order.  SO2  is  highly  water  soluble  (11.28  g/100  ml  at 

20°C)  and  will,  upon  contact  with  H2O  (atmospheric  or  soil),  abiotically  oxidize  to 
sulphurous    acid    (H2SO3)    (Babich    and    Stotzky    1978b).      Moreover,    depending    upon  the 





environmental  pH,  H2SO3  exists  in  an  equi 1 ibrium  with  bisulphite  (HSOa  )  and  sulphite 

(S03^~),  best  described  by  the  following  reactions  (Babich  and  Stotzky  1978b;  Gunnison 
1981): 

-H+  -H+ 

SO2    +    H2O       ̂   >       H2SO3        ^       >       HSO3-      ^       >      SO3  [1] pH  <3.5  pH  7.4 

Unless  strong  acid  conditions  (i.e.,  pH<3.5)  already  prevail,  much  of  the  SO2  will 

be  in  an  equilibrium  with  HSOs"  and  S03^  .  However,  as  HSO3  and  SOs^  are  known  to  be 
very  labile  species  which  rapidly  oxidize  (mostly  aerobically  and  abiotically)  to 

S04^~,  it  seems  that  much  of  the  SO2  released  in  the  atmosphere  will  end  up  in  non-acidic 

soil  as  S04^~  (Babich  and  Stotzky  1978a;  Wainwright  1980).  Although  certain  reports  sug- 
gest that  the  soil  microflora  may  be  involved  in  some  small  capacity  in  the  oxidation  of 

SO2  and  SOs^"  to  S04^~  (Ghiorse  and  Alexander  1976;  Wainwright  1980),  evidence  suggests 

that  the  majority  of  SO2  quickly  oxidizes  to  S04^~  abiotically  and  as  such  SO2  is  exclud- 
ed from  Figure  1.  The  sulphur  cycle  presented  here,  which  involves  microorganisms  as 

catalysts  for  the  reactions,  will  be  considered  in  further  detail  from  two  perspectives, 
namely  oxidation  and  reduction  reactions. 

2.1.1         Oxidation  Reactions 

Inorganic  sulphur  oxidation  and  reduction  reactions  can  occur  under  aerobic  and 
anaerobic  conditions,  in  the  absence  and  presence  of  light  (Jorgensen  1982).  In 
considering  the  oxidation  reactions  first,  three  major  groups  of  organisms  have  been 
described  as  important  in  the 
rapid  oxidation  of  sulphur  in  soil  (Keunen  1975;  Wainwright  1978)  and  are  described  as: 

1.  the  colourless  sulphur  bacteria  including  three  families,  Thiobacteriaceae, 
Beggiatoaceae  and  Achromatiaceae  (see  Table  1); 

2.  photosynthetic  S-bacteria  (Chromatiaceae  and  Chlorobacteriaceae) ;  and 
3.  heterotrophic  microorganisms  which  do  not  gain  energy  from  the  oxidation 

of  sulphur  compounds  (some  actinomycetes ,  bacteria,  and  fungi). 

The  groupings  most  important  (Wainwright  1978)  in  turnover  of  sulphur  in  soil 
are  1.  and  3.,  above.  Although  group  2.  is  generally  involved  in  aquatic  systems, 
Wainwright  (1978)  clearly  pointed  out  that  they  could  play  a  role  in  flooded  soils 
systems  and  will  therefore  be  included  in  our  discussion. 

2.1.1.1  Colourless  sulphur  bacteria.  Very  little  is  known  about  the  physiology  of  the 
bacteria  listed  in  Table  1,  because  obtaining  consistent  pure  cultures  for  many  of  them 
has  been  difficult  (Keunen  1975).  Our  discussion  is  thus  restricted  to  those  genera 
which  have  been  isolated  and  studied  in  pure  culture.  These  are:  (1)  Thiobaci  1 1  us ; 

(2)  Thiomicrospira;  (3)  Sulf olobus ;  (4)  Thermothrix;  and,  (5)  Beggiatoa  (Keunen  1  975; 
Brock  et  al .  1984) . 



Table  1.      The  colourless  sulphur  bacteria. 

Thiobacteriacea  Beggiatoaceae  Achromatiaceae 

Thiobacteri um  Beggiatoa  Achromatium 
Macromonas  Thiospi ri 1 lopsis 
Thiovulum  Thioploca 
Thiospira  Thiothrix 
Thiobacillus  Thiodendron 
Thiomicrospi ra 
Sulfolobus* 
Thermothri X 

*now  is  considered  an  archaebacteria 
Source:  Keunen  (1975) 
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2.1.1.1.1  Genus  Thi obac i  1 1  us .  This  is  by  far  the  best  studied  genus  of  the  sulphur 

oxidizing  bacteria.  By  nature,  these  organisms  are  chemoautotrophs ,  i.e.,  they  are  able 

to  oxidize  reduced  or  partially  reduced  sulphur  compounds  (S^  ,  $203^  ,  SaOs^  ,  S°)  to 

S04^~  in  the  presence  of  oxygen  and  gain  energy  for  growth  in  the  form  of  ATP  and  fix  CO2 
from  the  atmosphere  for  cellular  constituents.  Although  only  a  few  species  of  the  thio- 
bacilli  are  considered  important  in  sulphur  oxidation  in  soil,  workers  have  classified 

these  microorganisms  in  different  ways.  In  one  scheme,  Starkey  (1966)  grouped  and 
differentiated  the  bacteria  on  the  basis  of  their  chemical  reactions  performed  (Table  2). 

Other  workers  have  categorized  the  thiobacilli  on  the  basis  of  their  nutritional 
requirements  and  characteristics  such  as  obligate  chemol i thotrophy  (Keunen  and  Beudeker 
1982) . 

Perhaps  a  more  simplified  and  unifying  approach,  though,  is  that  of  grouping 
the  bacteria  according  to  the  pH  where  their  biological  activity  is  at  a  maximum.  Here 
two  groupings  can  be  seen;  those  living  at  neutral  pH  and  those  preferring  an  acid 

environment.  Laishley  et  al.  (1978)  adopted  the  terms  "less  acidophilic"  and  "acido- 
philic" to  describe  these  groupings.  The  differential  characteristics  of  the  bacteria 

within  these  groups  are  summarized  in  Tables  3  and  4.  As  can  be  seen,  it  is  becoming 
necessary  to  study  each  new  organism  in  as  much  detail  as  possible;  classification  based 
simply  on  chemical  reactions  or  on  nutritional  characteristics  is  not  sufficient  to 
differentiate  new  isolates. 

As  mentioned  earlier,  the  thiobacilli  are  unique  in  that  they  can  grow  litho- 
trophically  (i.e.,  gain  energy  from  oxidation  in  inorganic  compounds)  on  reduced 
inorganic  sulphur  compounds.  Although  the  pathway(s)  involved  in  the  oxidation  of  these 

reduced  compounds  have  not  been  completely  agreed  upon,  the  polythionate  pathway  deter- 
mined from  pure  culture  studies  and  soil  experiments  seems  to  be  the  one  most  accepted 

(Peck  1960;  Nor  and  Tabatabai  1977;  and  Wainwright  1978): 

2-  2-  2-  2-  2- 
45°       ̂        S2O3  S4O6        ^      SaOe        ^      4S03       ̂       4S04  [2] 

sulphur  thio-       ^    tetra-       ^       tri-     -»    sulphite  -»  sulphate 
sulphate        thionate  thionate 

It  should  be  pointed  out,  however,  that  any  one  species  of  thiobacilli  may  not  possess 
all  components  of  this  pathway.  For  example,  it  is  known  in  our  studies  with  T^  kabobi s 

(Reynolds  et  al.  1981)  that  the  products  from  the  oxidation  of  $203^  are  SaOe^  and 
SO4''  ;  the  $406^  formed  was  not  reoxidized  to  S04^  .  It  is  probably  better  to  think  of 
the  oxidation  reactions  in  a  more  flexible  manner  and  consider  the  various  ways  in  which 

the  inorganic  sulphur  compounds  may  be  oxidized  to  S04^~  (Figure  2).  Brock  et  al.  (1984) 
suggested  that  the  oxidation  of  sulphide  (S^  )  and  sulphur  (S°)  to  S04^  is  brought  about 
by  reaction  of  these  compounds  with  cell  bound  sulphhydral  groups,  with  the  sulphur 

subsequently  being  oxidized  to  the  key  intermediate  sulphite  (SOa^").  The  energy  (ATP) 
for  growth  and  metabolism  can  then  be  obtained  in  one  of  two  ways.  The  first  is  via  a 
sulphite  oxidase  system  which  is  presumed  to  be  present  in  all  thiobacilli.  Electrons 

from  the  oxidation  reaction  are  funnelled  into  an  electron  transport  system  composed  of 
f lavoproteins ,  quinones,  and  cytochromes.  It  has  been  shown  that  there  are  two  positions 
in  the  chain  where  there   is   enough   energy   released  to  synthesize  the   important  high 
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S3O6  3^06= 

Cell  bound    R-S  ►[s]^ 
sulfur 

complex 
Sulfite  /  SO 

SoOtT  Thiosulfate 

T.  denitrificans 

Sulfite  NAD 
oxidase 

I 
S 

T.  novellus 

T.  A2  (versutus)  Adenosine 

T  neapolitanus  phospho 

T.  ferrooxidans  sulfate (APS) 

Tc  -T-^Oa
  or         '  /Pi

 
NO-.NO;  '/ 

I    NgO.NO  t 
ATP  ATP 

FP  =  Flavo  Protein 

b  =  Cytochrome  b 
c    =  Cytochrome  c 

SO. 

ADP 

(X2) 

ATP 

+ 
AMP 

SO. 

Figure  2.    Ways  in  which  inorganic  sulphur  compounds  may  be  oxidized  to 
SO4-2  (modified  after  Laishley  et  al.  1984;  Brock 
et  al  .  1984;  and  Kelly  1982) . 
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Table  2.  Chemical  reactions  of  the  thiobacilli. 

(1)  2S°  +  302  +  2H2O 
(2)  Na2S203  +  2O2  +  H2O 

(3)  2Na2S406  +  7O2  +  6H2O 

(4)  2KSCN  +  4O2  +  4H2O 

(5)  5S  +  6KNO3  +  2H2O 

(6)  5Na2S203  +  SNaNOs  +  H2O 

(7)  12FeS04  +  3O2  +  6H2O 

Bacteri  urn 

T.  denitrif icans 

T.  thioparus 

T.  thiooxidans 

T.  f errooxidans 

T.  novel  1  us 

->  2H2SO4 

->  Na2S04  +  H2SO4 

->  2Na2S04  +  6H2SO4 

->  (NH4)2S04  +  K2SO4  +  2CO2 

->  3K2SO4  +  2H2SO4  +  3N2 

->  9Na2S04  +  H2SO4  +  4N2 

->  4Fe2(S04)  +  4Fe(0H)3 

Reaction(s)  carried  out 

1,2,3,4,5,6 

1,2,3.4 
1.  2,  3, 

1,2,7 

2.  3 

Source:    Starkey  (1966). 
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energy  ATP  molecule,  both  at  the  level  of  cytochromes.  It  seems  that  the  electrons  from 
the  aerobic  thiobacilli  enter  the  chain  at  the  level  of  cytochrome  C,  and  at  flavoprotein 

for  certain  facultative  aerobes  like  T.  denitrif icans  which  use  NOs"  as  the  final 
electron  acceptor  when  O2  is  absent  (Justin  and  Kelly  1978;  Kelly  1982). 

A  second  less  common  route  in  which  high  energy  phosphate  bonds  may  be  synthe- 

sized from  the  oxidation  of  SOa^  is  the  APS  (adenosine  phosphosul phate)  pathway.  It  has 
been  found  in  only  a  few  species  and  requires  that  SOa^  combine  first  with  AMP  (adeno- 

sine monophosphate)  to  form  APS.  The  two  electrons  removed  from  this  reaction  are  passed 
to  the  cytochrome  system  where  ATP  is  made.  A  second  molecule  of  ATP  is  eventually  made 
by  a  process  called  substrate  level  phosphorylation  when  inorganic  phosphate  (Pi)  reacts 

with  APS  to  form  ADP  +  SO*^". 
A  major  question  relevant  to  all  microorganisms  growing  chemoautotrophical  ly  is 

how  NAD^  is  reduced  so  that  CO2  may  be  reduced  to  cellular  material.  As  yet  the  only 
satisfactory  explanation  comes  from  the  concept  of  reversed  electron  transfer  in  which 
electrons  are  pushed  upwards  against  a  gradient  in  the  respiratory  chain  from  a  positive 
to  negative  redox  potential  at  the  expense  of  ATP  (Aleem  1969;  Gottschalk  1979).  This 
feature  explains  in  part  the  slow  growth  generally  noted  in  thiobacilli. 

2.1.1.1.2  Genera  Sulfolobus.  Thiomicrospira.  and  Thermothrix.  The  genus  Sulf olobus  was 

discovered  by  Brock  et  al.  (1972)  and  is  generally  found  in  environments  possessing  the 
following  features: 

1  .      pH  1-5;  and 

2.      temperature  60  -  75°C;  usually  hot  sulphur  springs 

Besides  being  located  in  unusual  environments,  the  genus  Sulfolobus  possesses 
other  properties  not  typical  of  the  normal  procaryote  cell  (Woese  1981).  First,  the 

lipid  components  of  the  cell  wall  of  Sulfolobus  are  ether-linked  whereas  the  usual 

procaryote  lipid  components  are  ester-linked.  Moreover,  the  cell  wall  of  Su1 f olobus 
lacks  peptidoglycan .  As  this  genus  also  differs  from  the  normal  procaryote  in  its 
antibiotic  sensitivity  and  translational  machinery,  it  prompted  Woese  (1981)  to  propose 

a  new  kingdom  of  life  forms  called  the  "Archaebacteria . "  Other  members  added  to  this 
kingdom  include  the  methanogenic  bacteria  and  the  extremely  halophilic  bacteria. 

Species  of  the  genera  Sul f olobus .  Thiomicrospi  ra,  and  Thermothrix  can  oxidize 

H2S  to  S°  and  finally  to  H2SO4  (sulphuric  acid).  The  ability  of  Sulfolobus  and  Thermo- 
thrix to  withstand  a  hot  environment  is  generally  attributed  to  an  unusual  acid  and  heat 

stable  cytoplasmic  membrane  composed  of  long  chain  hydrocarbons  ( isoprenoids)  (Brock 
et  al .  1984) . 

The  genus  Thermothri x  is  also  found  around  sulphur  springs,  but  unlike  Sul- 
folobus does  not  prefer  strong  acid  conditions.  These  species  are  also  capable  of 

anaerobic  growth  using  NOa^    as  an  alternate  electron  acceptor  to  O2. 
Not  much  is  known  about  Su1 f olobus  or  Thermothrix  with  regard  to  their  bio- 

chemistry. However,  it  is  assumed  that  their  mechanism  of  sulphide  oxidation  would  be 
similar  to  the  scheme  presented  for  the  thiobacilli  (Figure  2).  Because  these  organisms 
are  confined  to  restricted  environments  they  likely  do  not  play  major  roles  in  sulphur 
turnover  in  forest  or  agricultural  soils. 
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Species  of  the  genus  Thiomicrospi  ra  are  also  not  well  characterized.  One 
species,  Thiomicrospi  ra  pelophi la ,  was  isolated  by  Keunen  and  Veldkamp  (  1  972)  and  found 
to  be  very  similar  to  Thiobaci 1 lus  thioparus  except  that  it  could  withstand  higher 
concentrations  of  H2S.  Ruby  et  al.  (1981)  have  recently  isolated  several  new  strains 
from  vent  water  rich  in  sulphide.  The  involvement  of  this  genus  in  acidification  of 
soils  is  unclear  but  at  best  would  likely  be  confined  to  soils  which  may  be  flooded. 

2.1.1.1.3  Genus  Beggiatoa.  Like  the  genera  Sul f olobus  and  Thermothrix.  the  genus 
Beggiatoa  is  confined  to  niches  rich  in  H2S.  Species  have  been  isolated  from  sulphur 

springs,  mid  layers  of  lakes,  and  in  water  polluted  with  sewage.  These  filamentous 
organisms  are  probably  mixotrophic  in  that  they  may  use  H2S  as  an  energy  source  but 
must  rely  on  organic  compounds  like  acetate  or  succinate  for  their  carbon  rather  than  on 
CO2  (Strohl  and  Larkin  1978).  These  bacteria  are  very  dependent  on  H2S  and  oxidize 

it  to  elemental  S°  which  often  shows  up  in  phase  contrast  micrographs  as  round 
refractile  inclusion  bodies  (Carpenter  1977;  Strohl  and  Larkin  1978).  The  benefit 

Beggiatoa  obtain  from  the  sulphur  deposition  and  the  presumed  oxidation  of  the  sulphur 
granules  to  sulphate  is  a  topic  of  great  debate  (Nelson  and  Castenholz  1981).  Thus  far, 

three  main  functions  have  been  proposed.  First,  the  oxidation  of  S°  to  SO4  may  be 

a  source  of  energy  for  cell  growth.  Secondly,  the  intracellular  S°  may  serve,  under 
anaerobic  growth  conditions,  as  an  electron  acceptor  in  reducing  the  S°  back  to 
H2S  (Keunen  and  Beudeker  1982).  Finally,  it  has  been  speculated  that  because  Beggiatoa 
is  catalase  negative  and  may  produce  toxic  hydrogen  peroxide  when  growing  on  organics, 
the  H2S  may  act  therapeutically  by  reacting  with  and  removing  the  toxic  intracellular 
hydrogen  peroxide  (Burton  and  Morita  1964;  Keunen  1975;  Strohl  and  Larkin  1978;  and 
Nelson  and  Castenholz  1981). 

Again,  because  Beggiatoa  thrives  best  in  still  aquatic  environments  its  role  in 
the  sulphur  cycling  in  Alberta  would  be  restricted  to  conditions  where  flooded  soils 

prevai 1 . 

2.1.1.2  Phototrophic  sulphur  bacteria:  anaerobic  oxidation  of  reduced  sulphur  compounds. 

The  phototrophic  sulphur  bacteria  are  often  referred  to  as  the  green  and  purple  bacteria 

and  belong  to  two  distinct  families  named  the  Chromataceae  and  Chlorobiaceae,  respective- 
ly. In  contrast  to  plant  photosynthesis,  bacterial  photosynthesis  occurs  anoxygenical ly , 

uses  H2S  (generally)  as  an  electron  donor,  and  produces  elemental  S°,  inside  or  outside 
the  cell.  In  anaerobic  aquatic  environments  these  bacteria  oxidize  H2S  and  S°  to  S04^ 
and  in  so  doing  derive  energy  (ATP)  required  for  CO2  fixation  (see  Figure  1).  Because  of 
their  requirement  for  light  to  mediate  the  oxidation  of  H2S,  Stanier  (1961)  reasoned 
that  the  only  function  of  H2S  was  to  provide  electrons  for  CO2  assimilation  since 

the  ATP  was  generated  by  cycling  photophosphorylation  along  an  electron  transport  chain 
(Figure  3).  However,  there  still  remains  a  great  deal  of  uncertainty  as  to  the  way  in 

which  NADPH  is  created  for  reductive  biosynthetic  reactions.  The  most  probable 

mechanisms  involve  components  of  the  photosyntheti c  electron  transport  chain  in  a  non- 
cyclic  way  as  shown  by  the  dashed  lines  in  Figure  3  (Brock  et  al.  1984).  Nevertheless, 
overall  oxidation  of  H2S  proceeds  in  two  stages,  the  first  a  rapid  oxidation  inside 
the  cell  and  the  second  a  slow  reaction  illustrated  as  follows  (Boyd  1984:  67): 
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Figure  3.    Photosystem  in  green  and  purple  bacteria  (reproduced  by 
permission  from  Boyd  1984:    General  Microbiology,  St. 
Louis.    Times  Mirror/Mosby  College  Publishing). 
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Light 
2H2S    +    CO2  >      2S°    +    H2O    +    CH2O  [3] 

Light 
2S°    +    3CO2    +    5H2O  >      2H2SO4    -I-    3(CH20)  [4] 

Overall  reaction 
Light 

2H2S    +  4CO2    +    4H2O   >      2H2SO4    +    4(CH20)  [5] 

The  rather  narrow  position  or  zone  of  the  phototrophic  bacteria  in  aquatic 

environments  is  dictated  by  the  simultaneous  requirement  of  light  and  H2S  or  S°  and  mini- 
mum O2.  Baas  Becking  (1925)  used  the  term  "sulfuretum"  to  describe  this  rather 

restricted  zone  where  the  bacterial  phototrophs  grow.  Maximum  levels  of  H2S  tolerance 

place  a  further  restriction  on  the  location  of  the  phototrophs  in  the  sulfuretum.  For 
example,  in  vitro  studies  show  that  Chlorobium  has  a  maximum  sulphide  tolerance  of 

4-8  nM  while  Chromatium  has  a  sulphide  tolerance  of  0.8-4  nM  sulphide  (Pfennig  1975). 
The  occurrence  of  these  two  generally  correlates  well  with  the  gradient  of  sulphide 
normally  observed  in  stagnant  still  water  with  Chlorobi urn  near  the  bottom  where  H2S 

concentrations  are  relatively  high,  and  Chromati urn  near  the  surface  where  H2S  concen- 
trations are  lower.  The  H2S  gradient  is  due  to  two  processes,  one  reflecting  the  source 

where  H2S  is  produced  and  the  second  due  to  chemical  properties  of  H2S.  Considering  the 

source  of  H2S  production  first,  the  vast  majority  is  from  the  reduction  of  S04^  in  stag- 
nant waters  by  the  sulphate  reducing  bacteria  (to  be  discussed  later).  It  is  a  feature 

of  H2S  and  any  other  compound  with  sulphydryl  groups  that  they  are  stable  only  under 

anaerobic  conditions;  as  the  sulphide  approaches  the  water  surface  it  is  quickly  auto- 
oxidized.    Essentially  then,  the  H2S  gradient  is  the  inverse  of  the  O2  gradient. 

It  is  also  not  too  surprising  that  the  phototrophic  sulphur  bacteria  are  able 
to  compete  very  well  with  the  colourless  sulphur  bacteria  for  available  H2S  (Jorgensen 
1982).  As  with  the  colourless  sulphur  bacteria,  their  roles  in  the  sulphur  cycle  are 
generally  in  aquatic  systems  but  could  play  a  role  in  any  soil  which  experiences  flooding 
conditions . 

2.1.1.3  Heterotrophic  microorganisms.  Heterotrophic  microorganisms  including  bacteria, 
fungi,  and  acti nomycetes  are  capable  of  oxidizing  reduced  forms  of  inorganic  sulphur. 
Wainwright  (1978)  indicated  that  bacteria  belonging  to  the  genera  Arthrobacter. 

Bacillus,  and  Flavobacterium  could  oxidize  elemental  S°  or  $203^'  to  S04^~  in  vitro.  He 
further  indicated  that  species  like  Achromabacter  sp.  and  Pseudomonas  sp.  could  oxidize 

$203^  to  $406^  .  Reports  of  fungal  and  actinomycete  oxidation  of  inorganic  sulphur  are 
less  common  (Wainwright  1979;  Germida  et  al.  1985)  but  the  fungus  Penicillium  decumbens 

has  been  reported  to  oxidize  S°  to  S2O3  (Wainwright  1978).  At  present  there  is  no  clear 
evidence  to  indicate  that  the  heterotrophic  microorganisms  play  important  roles  in 

sulphur  cycling.  Starkey  (1966)  states  that  these  reactions  are  "incidental  to  their 
normal  metabolism." 
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2.1.2       Reduction  Reactions 

The  above  oxidation  processes  ultimately  result  in  the  formation  of  S04^~ 
which  is  stable  aerobically  and  unstable  anaerobical ly.  In  anaerobic,  neutral  pH 
environments  (marine  and  terrestrial),  the  sulphate  reducing  bacteria  have  the  unique 

ability  to  use  SOa^  as  an  electron  acceptor.  The  process,  referred  to  as  di ssimi latory 
sulphate  reduction,  produces  copious  amounts  of  hydrogen  sulphide  in  nature  and  is  also 
thought  to  be  involved  in  many  geochemical  phenomena  (LeGall  and  Postgage  1973;  Peck 

1975).  It  should  be  noted  that  a  second  SO^^  reduction  process,  termed  assimilatory 
sulphate  reduction,  is  common  to  most  plants  and  bacteria  and  involves  the  reduction  of 

just  enough  S04^  to  HS  to  meet  cellular  requirements  for  sulphur  amino  acid  biosynthe- 
sis (Peck  1961 ,  1975) . 

Currently  eight  genera  of  sulphate  reducing  bacteria  are  observed  and  are  split 

into  two  main  groups  (Brock  et  al.  1984).  The  first  group  includes  the  genera  Desul f o- 
vibrio,  Desul fomonus .  and  Desul fotomucul um  which  are  generally  recognized  as  utilizing 
lactate  (and  sometimes  pyruvate  or  ethanol)  as  carbon  and  energy  sources.  The  second 
group  particularly  favours  the  oxidation  of  the  fatty  acid,  acetate,  and  includes  in  its 
membership  the  general  Desul fobul bus ,  Desul fobacter,  Desu 1 f ococcus ,  Desul fosarcina ,  and 
Desulf onema . 

As  indicated  above,  the  sulphate  reducing  bacteria  require  organic  substrates, 

both  as  a  carbon  source  for  growth  and  as  electron  donors  for  the  reduction  of  SOa^  to 
HS  .  In  the  classic  example  of  Desul fovi bri o ,  lactate  is  partially  oxidized  to  acetate 
which  is  excreted  as  an  end  product.  The  overall  reactions  may  be  summarized  as  follows 
and  are  also  shown  diagramatical ly  in  Figure  4. 

2CH3-CH0H-C00H  +  2H2O  ->  2CH3-C00H  +  2CO2  +  8H+  [6] Lactate  Acetate 

S04^~  -t-  8H^  $2''"    +    4H2O  [7] 

It  has  been  seen  that  S04^  is  really  an  indirect  final  electron  acceptor  for 

the  electrons  passing  down  the  transport  chain,  as  SO^^  must  be  activated  to  APS  (adeno- 
sine phosphosulphate)  first.  It  should  also  be  pointed  out  that  the  energy  for  growth 

comes  from  the  electron  transport  system  and  that  the  ATP  from  the  substrate  level  phos- 

phorylation reaction  is  used  to  activate  SO^^  .  The  end  product,  acetate,  is  important 
for  it  serves  as  a  substrate  for  other  sulphate  reducing  bacteria  (see  above)  and 

methanogenic  bacteria  (Cappenberg  1974,  1975). 
It  should  also  be  noted  that  the  enzymes  involved  in  the  di ssimi latory  pathway 

are  constitutive  (that  is,  they  are  unaffected  by  growth  conditions).  Because  the 
sulphide  which  is  produced  is  an  inhibitor  of  cytochrome  oxidase,  an  essential  enzyme  in 
aerobic  respiration  (Peck  1  975),  it  can  be  seen  that  the  H2S  helps  to  maintain  an 

anaerobic  environment.  This  is  in  addition  to  its  role  as  substrate  required  by  photo- 
synthetic  and  certain  colourless  sulphur  bacteria  which  convert  the  H2S  to  elemental 

S°  (Figure  1 ) . 
Traditionally,  when  one  thinks  of  classical  di ssimi latory  sulphate  reduction 

those  genera  mentioned  above  come  to  mind.  However,  inducible  dissimi latory  sulphate 
reduction  reactions  have  now  been  shown  in  Clostridium  pasteurianum  (Laishley  and  Krouse 
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1978)  and  more  recently  in  five  other  other  Clostridial  species  (Laishley  et  al.  1984), 

all  of  which  are  non-classical  sulphate  reducers.  Clostridial  species  have  an  advantage 
over  the  classical  dissimi latory  reducers  in  that  they  contain  proteolytic  and  saccaro- 
lytic  organisms.  This  means  that  they  grow  on  a  variety  of  complex  proteins  and  sugars 
common  in  the  soil  system  and  they  they  are  not  dependent  on  fermentation  products  (e.g. 
lactate)  for  their  metabolism  as  are  the  traditional  sulphate  reducers.  The  implication 
here  is  that  the  Clostridial  species  would  likely  be  more  ubiquitous  than  the  classical 
sulphate  reducers  and  that  the  scope  of  bacteria  carrying  out  these  reactions  may  be 
much  wider  than  anticipated.  However,  these  organisms  would  not  play  a  significant  role 
in  agricultural  soils  unless  they  became  anaerobic  due  to  flooding  conditions. 

Also  in  the  context  of  nonclassical  sulphate  reduction,  some  species  from  the 

genera  Salmonel la .  Proteus ,  Camphylobacter,  Succhuromyces  and  Pseudomonas  have  been 

shown,  in  pure  culture,  to  anaerobi cal 1 y  reduce  small  amounts  of  SOa^  to  HS  (McCready 
et  al.  1974;  Brock  1984).  However,  the  role  these  organisms  play  in  the  cycling  of 
inorganic  sulphur  in  the  ecosystem  has  not  been  determined. 
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3.  ECOLOGICAL  AND  ECONOMIC  ACTIVITIES  OF  MICROBIAL  INORGANIC  SULPHUR  OXIDATION  AND 
REDUCTION 

3.1  OXIDATION  REACTIONS 

3.1.1       The  Colourless  Bacteria  and  Heterotrophs 

3.1.1.1  Oxidation  of  sulphur.  Besides  the  role  of  producing  S04^~,  the  major  form  of  S 
which  plants  require,  the  events  of  sulphur  oxidation  reactions  have  many  other  effects 
(some  subtle  and  other  dramatic)  on  the  soil  system.  For  example,  it  is  known  that  as 

the  thiobacilli  oxidize  elemental  sulphur  (S°),  sulphuric  acid  (H2SO4)  is  produced  which 
can  cause  acidification  of  soils.  As  long  as  the  acid  production  was  controlled  (i.e., 
by  limiting  available  sulphur  for  attack)  then  a  slight  increase  in  soil  acidity  could 

be  beneficial  in  that  not  only  more  SOa^  would  be  available  for  plant  growth,  but  the 

acid  would  also  solubilize  and  make  more  of  the  micronutrients  (Ca^^,  Mg^^,  PO*^",  K^) 
available  to  terrestrial  and  aquatic  life  forms  (Gorham  1976;  Wainwright  1978).  A 

second  advantage  of  the  S°  oxidation  process  by  the  thiobacilli  might  be  the  improvement 
of  the  fertility  of  basic  soils  and  in  one  case  the  control  of  the  disease  "potato  scab" 
(Starkey  1966).  Improvement  of  basic  soils  could  be  important  in  Alberta  where  tracts 
of  soil  are  basic  in  nature  with  a  pH  between  8  and  9.  With  this  in  mind  it  has  been 
found  that  addition  of  elemental  sulphur  to  soil  results  in  a  rapid  reduction  in  soil  pH 

(Adamczyk-Winiarska  et  al.  1975;  Bollen  1977;  and  Legge  et  al .  1986).  It  is  therefore 
theoretically  possible  to  control  the  oxidation  by  limiting  the  amount  of  applied  sulphur 
to  these  soils  so  that  the  naturally  occurring  sulphur  oxidizers  (in  particular  the 
thiobacilli)  can  produce  just  enough  H2SO4  to  reduce  the  soil  pH  to  approximately  7. 
This  controlled  process  could  even  be  accelerated  by  inoculating  the  sulphur  with  a 
Thiobaci 1 lus  sp.  prior  to  its  application  to  the  soil,  a  technique  which  could  be  thought 

of  as  "an  agricultural  contact  C"  (Hyne  1981). 
Of  course,  if  too  much  sulphur  is  applied  to  the  soil  then  conditions  are  ideal 

for  producing  excess  acid  via  the  oxidation  reactions  of  the  thiobacilli.  Such  situa- 
tions are  not  uncommon  in  Alberta  where  huge  stockpiles  of  sulphur  and  numerous  sour  gas 

processing  plants  exist  which  produce  great  quantities  of  loose  powdered  sulphur  dust. 
The  sulphur  dust  can  be  swept  up  in  prevailing  winds  and  deposited  on  soils  downwind  from 
the  sulphur  source  and  be  subject  to  biological  oxidation.  Such  a  phenomenon  is  well 
documented  in  the  Alberta  Whitecourt  study  where  the  most  severe  acidification  occurred 
in  the  soil  profile  closest  to  the  gas  plant  (Legge  et  al.  1986)  and  which  contained 
large  populations  of  thiobacilli.  In  contrast,  the  indigenous  thiobacilli  population 
was  barely  detectable  at  the  reference  (control)  soil  site. 

This  soil  sulphur  acidification  phenomenon  is  brought  about  by  a  succession  of 
different  Thiobaci 1 1  us  species.  The  species  present  depend  on  their  ability  to  withstand 
changing  physiological  growth  parameters,  because  no  one  species  can  grow  over  the  wide 

pH  range  (i.e.,  10  -  0.5)  attributed  to  the  thiobacilli.  This  succession  of  Thiobaci 1 lus 
species  was  elegantly  shown  by  Parker  (1947)  to  occur  in  degradation  of  concrete  sewer 
pipes.  The  pipes  were  first  attacked  by  less  acidophilic  thiobacilli  which  oxidized  the 
reduced  S  compounds,  producing  an  acidic  environment  conducive  for  growth  of  the  acid 
loving  (acidophilic)  thiobacilli.    The  acidophilic  thiobacilli  then  further  oxidized  the 



S  compounds,  producing  extremely  acid  soil  conditions  in  the  range  of  pH  2.5  to  3.0 
(Laishley  and  Bryant  1985). 

Copious  inputs  of  acid  into  the  soil  system,  be  it  from  acidic  deposition  or 
biological  oxidation  of  sulphur  or  other  sources,  can  lead  to  or  induce  a  number  of  other 
biotic  and  abiotic  events  in  the  soil  system.  There  can  be  little  doubt  that  a  lowered 

environmental  pH  can  adversely  affect  the  soil  microflora.  One  effect  of  such  acidifi- 

cation has  been  to  reduce  the  heterotrophic  bacterial  populations  (Adamczyk-Winiarska 
et  al.  1975;  Wood  1975;  Bryant  et  al.  1979;  and  Wainwright  1979).  Bryant  et  al  .  (1979) 
showed  that  the  respiratory  activities  of  the  flora  responsible  for  degrading  substrates 
like  glucose,  starch,  cellulose,  casein,  or  urea  were  significantly  reduced  in  soils 
exposed  to  acid  (pH  3.0).  It  was  suggested  that  these  effects  of  acid  may  be  a  common 
phenomenon,  as  a  local  garden  soil  which  was  artificially  acidified  in  the  laboratory 
showed  similar  respiratory  responses  in  degrading  these  substrates.  A  second,  very 
important  point  emerged  from  this  paper.  When  looking  at  respiration  of  acidified  and 
control  garden  soils,  no  differences  were  detected  until  the  potential  of  soil  microbial 
populations  to  degrade  common  substrates  like  cellulose,  casein,  and  urea  were  examined. 
This  demonstrated  the  critical  importance  of  examining  more  than  one  parameter  when 
assessing  the  effect  of  a  potential  pollutant  on  soil  activity.  In  other  studies, 
workers  like  Tamm  (1976)  reported  that  acidification  inhibited  the  nitrification  process 
in  a  forest  soil  while  others  have  demonstrated  that  nitrogen  fixation  was  inhibited 

under  acidic  conditions  (Oden  1971;  Dochinger  and  Seliga  1975).  In  addition,  Tamm  (1976) 
suggested  that  the  mycorrhizal  fungi  are  very  sensitive  to  acid  conditions. 

Acid  soil  may  have  certain  effects  on  the  abiotic  components  of  the  soil,  in 
particular  the  nutrient  status.  Calcium  is  positively  correlated  with  productivity  in 

soils  and  especially  forest  soils  (Wainwright  1980).  Indeed,  Ca^^  losses  have  been  noted 
as  a  result  of  leaching  due  to  ions  which  eventually  exhaust  the  soil's  cation 
exchange  capacity  (Overrein  1972;  Abrahamsen  et  al.  1975).  As  a  note  of  explanation 
here,  soils  contain  negatively  charged  colloids  which  have  attached  to  them  cations 

including  Ca^^,  K^,  and  Mg^^.  These  immobilized  cations  are  then  made  available  to  plants 
for  growth  by  a  process  called  cation  exchange,  but,  when  soils  become  acid  the  absorbed 
cations  are  replaced  with  ions  and  are  subsequently  leached  from  the  soil  system. 
Ensuing  plant  death  often  results  (Reuss  1975)  and  those  soils  with  the  weakest  cation 
exchange  capacities  would  likely  be  most  sensitive  (Maimer  1976).  In  contrast  to  this, 
soils  which  are  alkaline  in  nature  would  have  high  buffering  capacity  and  would  likely 

be  more  resistant  to  the  effects  of  acid  (Laishley  1985).  Thus  two  factors  affecting  a 

soil's  sensitivity  to  acid  would  be  its  cation  exchange  capacity  and  its  state  of 
alkalinity. 

Wherever  acid  soils  are  encountered,  iron  and  aluminum  mobilization  and  result- 
ing toxicity  to  plants  is  often  reported  (Rorison  1  973;  Metson  et  al  .  1  977;  Francis 

1982;  and  Reuss  1983).  These  toxicities  are  due  to  the  actual  breakdown  of  the  clay  and 
organic  colloid  material,  which  contains  large  quantities  of  aluminum  and  iron,  and  the 
subsequent  precipitation  of  soil  and  plant  phosphate. 

Finally,  in  regard  to  acidification,  the  most  obvious  effect  would  be  a  direct 

one  in  which  the  h"*"  ions  would  cause  direct  injury  to  plant  tissues  and  perhaps  impair 

their  ability  to  absorb  important  ions  like  Ca^"^,  Mg"^^,  and  PO^i^"  (Wainwright  1978).  Here 
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one  can  observe  a  cascade  type  of  effect;  the  diminished  ability  of  plants  to  take  up 

Ca^^  may  be  magnified  by  the  loss  of  available  calcium  through  leaching  processes. 
In  closing,  one  should  point  out  that  nutrient  losses  are  harder  to  demonstrate 

in  agricultural  soils  which  are  continually  under  heavy  regimens  of  fertilizer  treatment. 

This  does  not  mean,  however,  that  agricultural  soils  are  immune  to  the  effects  of  acidi- 
fication, but  rather  that  the  potential  dangers  are  artificially  masked  by  continued 

nutrient  inputs  by  man. 

3.1.1.2  Oxidation  of  metal  sulphides  in  soil.  A  number  of  environmental  and  agricul- 
tural problems  occur  as  the  result  of  chemol i thotrophi c  oxidation  of  pyrite  (FeS2),  a 

mineral  sulphide  compound  commonly  present  in  coal  and  coal  mine  effluent.  Pyrite  is 
also  found  in  soils  where  H2S  from  bacterial  sulphate  reduction  and  ferrous  iron  react 

to  form  ferrous  sulphide  (FeS)  which  subsequently  may  react  with  either  elemental  sulphur 

(S°)  or  sulphides  (S^"  or  HS~)  to  form  pyrite  (Metson  et  al  .  1  977).  Pyritic  soils  repre- 
sent potential  sites  for  acid  soil  referred  to  as  "mud  clay"  and  may  convert  to  an  actual 

acid  soil  (called  "cat  clay")  if  the  environmental  conditions  change  from  anaerobic  to 
aerobic  (Metson  et  al.  1977).  Under  aerobic  conditions  pyrite  becomes  oxidized  to  sul- 

phuric acid,  jarosite  [KFe3(S04) 2(0H)6] ,  ferric  oxides,  and  ferric  sulphate  [Fe2(S04)3] 
(Bloomfield  and  Coulter  1  973;  Metson  et  al  .  1  977;  and  Kargi  1  982).  The  jarosite, 

ultimately  formed  by  chemical  reactions  with  pyrite,  oxygen,  K^,  and  ferric  hydroxide, 
gives  the  acid  soil  a  characteristic  yellow  colour  called  "yellow  mud"  or  "yellow  boy" 
(Metson  et  al.  1977).  Pyrite  may  also  be  subject  to  oxidation  by  certain  species  of 
thiobacilli.  Here  two  basic  schemes  are  involved  and  are  referred  to  as  direct  and 

indirect  oxidation  mechanisms  (Silverman  1967).  In  the  direct  mechanism,  T.  f errooxidans 

oxidizes  the  pyritic  sulphur  to  sulphate  and  the  ferrous  (Fe^^)  iron  to  the  ferric  (Fe^^) 
state.  In  so  doing,  T.  f errooxi dans  obtains  the  energy  it  requires  for  growth.  The 

insoluble  pyrite  is  thus  transformed  to  the  soluble  ferric  sulphate  [(Fe2(S04)3]  and  sul- 
phuric acid  as  shown  in  Figure  5  (reaction  1). 

In  the  indirect  mechanism  the  bacteria  oxidize  the  ferrous  (Fe^^)  iron  to  the 

ferric  form  (Fe^^),  which,  being  a  strong  oxidizing  agent,  solubilizes  more  of  the  pyrite 
to  ferrous  sulphate  (FeS04)  and  sulphur  (S°)  (Figure  5,  reactions  2  and  3).  The  end 
products  of  these  reactions  are  subject  to  further  reactions  by  T.  f erroxidans .  In 

reaction  4,  the  S°  is  oxidized  by  the  usual  means  to  sulphuric  acid  (H2SO4),  and  in  reac- 
tion 5,  the  sulphuric  acid  from  reactions  2  and  4  may  react  with  the  ferrous  sulphate 

from  reaction  3  and  form  more  of  the  strong  oxidant,  ferric  sulphate.  Of  course,  in  the 
absence  of  T.  f erroxidans .  only  the  indirect  mechanism  of  pyrite  oxidation  is  operational 
and  in  this  case  the  rate  of  formation  of  ferric  sulphate  would  be  the  rate  determining 
step;  without  T.  f errooxidans  this  reaction  would  be  considerably  slower. 

Other  acidophilic  thiobacilli  (Table  4)  may  also  participate  in  the  oxidation 
of  the  elemental  sulphur  produced  in  reaction  3  (Figure  5)  and  thereby  catalize  the  rapid 
formation  of  acid  (H2SO4),  which,  in  addition  to  optimizing  the  catalytic  properties  of 

ferric  sulphate  by  keeping  Fe^"^  soluble,  can  also  cause  corrosion  problems  of  any  metal, 
stone,  and  concrete  in  the  vicinity  (Parker  1947;  Bryant  et  al .  1985). 

Such  bacterial  oxidation  processes,  while  detrimental  in  nature,  can  be  used  to 

man's  advantage.     For  example,  pyrite  in  coal  can  cause  problems  when  coal  is  combusted 
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Figure  5.    Direct  and  Indirect  Oxidation  Mechanisms  for  Pyrite 
Oxidation. 
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and  emits  sulphur  gases.  Prior  to  combustion,  techniques  are  now  being  employed  to 
remove  pyrite  from  the  coal  by  a  process  called  microbiological  desul phi zati on  (Kargi 
1982) . 

In  another  beneficial  role,  T.  f errooxidans  is  involved  in  the  leaching  of 
copper  from  low  grade  ores  (Brierley  1978).  Basically,  the  bacteria  gain  energy  for 

growth  by  oxidizing  ferrous  iron  (Fe^^)  to  ferric  iron  (Fe^^).  In  an  acid  solution  the 
ferric  iron  functions  as  a  powerful  oxidizing  agent  which  solubilizes  the  metals,  making 
more  ferrous  iron  available  for  microbial  attack.  Thus,  the  bacteria  catalyse  the 

leaching  process  by  continually  producing  the  ferric  (Fe^^)  form  of  iron. 
Thus  far,  it  has  been  demonstrated  that  the  oxidation  of  sulphur  and  metal 

sulphides  can  have  profound  detrimental  environmental  outcomes.  However,  the  benefits 
of  study  and  understanding  the  processes  involved  in  these  detrimental  events  show  up  in 
certain  industrial  and  agricultural  applications. 

3.1.2       The  Phototrophic  Sulphur  Bacteria 

By  oxidation  of  H2S  to  S04^  in  anaerobic  environments  the  photosyntheti c  sul- 
phur bacteria  provide  the  sulphate  reducing  bacteria  with  their  necessary  substrate  for 

growth  and  do  so  without  the  consumption  of  molecular  oxygen  (Pfennig  1975;  Postgate 

1982).  As  well,  these  C02-fixing  bacteria  perform  a  role  in  secondary  primary  produc- 
tion as  food  sources  for  the  protozoa  in  lakes  (Sorokin  1970;  Pfennig  1975). 

Postgate  (1982)  even  suggested  that,  under  certain  water  polluted  situations, 
the  sulphate  reducing  bacteria  may  produce  so  much  H2S  that  the  development  of  large 
colourful  phototrophic  blooms  may  occur;  these  bacteria  may  therefore  function  as 
indicators  of  pollution.  Furthermore,  in  such  situations  the  phototrophs  may  also 
produce  high  levels  of  H2SO4  and  thereby  participate  in  lowering  the  environmental 
pH;  the  effects  of  such  acid  production  have  been  discussed  at  length  above. 

In  terms  of  their  contribution  to  ecology  and  economics  the  phototrophic  sulphur 
bacteria  play  lesser  roles  than  the  colourless  sulphur  bacteria  or  the  sulphate  reducers. 

However,  Nugent  (1984)  in  talking  about  photosyntheti c  reactions  (which  included  in  ad- 
dition to  the  photosynthetic  bacteria,  the  plants,  algae,  and  cyanobacteri a ) ,  referred 

to  these  organisms  as  "the  basic  elements  of  the  earth's  ecology  ultimately  providing  a 
great  proportion  of  the  food,  biomass,  and  oxygen  from  simple  precursors  and  light." 

3.2  REDUCTION  REACTIONS 

The  sulphate  reducing  bacteria  complete  the  sulphur  cycle  by  taking  the  product 

of  sulphur  oxidation  (i.e.,  SOa^  )  and  converting  it  to  H2S  by  a  process  called  dissimi- 
latory  sulphate  reduction.  The  hydrogen  sulphide  is  subsequently  used  by  the  sulphur 

oxidizing  bacteria  and  ultimately  recycled  as  S°  and  S04^~.  These  reactions  are  possible 
in  a  neutral  pH  environment  and  stop  under  acid  conditions  because  the  sulphate  reducing 
bacteria  are  acid  sensitive. 

However,  the  activities  of  the  sulphate  bacteria  are  directly  linked  to  the 
corrosion  of  iron  which  costs  industry  billions  of  dollars  annually  in  the  replacement 
of  corroded  metal  products.  Basically,  there  are  two  electrochemical  mechanisms  by  which 
the  sulphate  reducing  bacteria  accelerate  the  corrosion  of  iron.  In  considering  the 
first  mechanism  an  equilibrium  oxidation  reaction  occurs  between  the  iron  in  the  metal 

and  that  iron  which  solubilizes  when  a  metal  is  immersed  in  water  (reaction  8). 
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Fe(s)                         Fe           +               2e  [8] 

The  biologically  produced  hydrogen  sulphide  may  then  interact  with  Fe^^  and  produce  the 
typical  blackened  metal  film  deposit  of  FeS  (reaction  9) 

H2S      +             Fe^"^    ->              FeS         +          H2  [9] 

which  somehow  maintains  the  electrochemical  process  (King  and  Miller  1971). 
In  a  second  less  well  understood  mechanism,  it  is  suggested  that  the  sulphate 

reducing  bacteria  may  obtain  electrons  for  the  reduction  of  S04^  from  oxidation  of  the 
metal  cathodic  hydrogen.  This  mechanism,  which  seems  to  appear  in  most  of  the  literature 
(King  and  Miller  1971;  Postgate  1979;  and  Hamilton  1983),  seems  confusing.  First,  terms 
like  anodic  reductions,  anode,  and  anions  are  used  extensively  and  although  similar  in 
sound  they  have  different  meanings.  It  would  be  much  simpler  to  refer  to  the  reactions 
simply  as  oxidations  or  reductions.  Secondly,  terms  like  polarization  and  depolarization 
are  never  clearly  explained.  It  is  particularly  with  this  last  term  that  questions  are 
raised.  It  suggested  that  the  Desulfovibrio  depolarize  the  cathode  by  removing  the 

built-up  hydrogen  film  on  the  metal,  thereby  obtaining  the  necessary  electrons  for  the 

reduction  of  S04^  to  H2S.  However,  it  should  be  remembered  from  the  physiology  of  S04^" 
reduction  that  S04^  must  first  be  activated  by  ATP  to  form  APS  (Figure  4).  Without  this 

activation  S04^  does  not  get  reduced.  The  essential  ATP  is  derived  from  the  oxidation  of 
lactate  (or  other  carbon  source)  to  acetate  and  electrons  from  the  oxidation  function  in 

the  reduction  of  APS.  In  short,  because  the  reduction  of  S04^  to  H2S  is  impossible  with- 
out a  carbon  source,  which  in  its  oxidation  provides  ATP  for  S04^  activation  and  elec- 

trons for  APS  reduction,  it  makes  little  or  no  sense  that  the  microbes  would  waste  extra 

energy  in  looking  for  another  source  of  electrons  (i.e.,  polarized  hydrogen  film  on 
meta  1 )  . 

There  is  little  doubt  that  the  exact  method  of  corrosion  of  iron  is  not  clear 

(Hamilton  1983),  although  Postgate  (1982:590)  compromised  with  the  statement  that  "the 
consumption  of  cathodic  hydrogen  by  Desul f ovi  bri 0  and  the  generation  of  sulphide 

contributed  to  the  process". 
Apparently,  the  sulphate  reducing  bacteria  are  also  prominently  involved  in  the 

pollution  of  water.  This  is  particularly  obvious  around  large  population  centres  where 
large  inputs  of  waste  material  into  local  waters  provide  the  necessary  carbon  and 

sulphate  required  for  reductive  processes  to  occur  on  a  large  scale  (Jorgensen  1982; 
Postgate  1982).  Large  amounts  of  H2S  are  produced  which  contribute  to  the  development 
of  the  phototrophic  sulphur  bacteria,  and  increase  the  biological  oxygen  demand. 

It  can,  therefore,  be  seen  in  our  discussion  of  oxidation/reduction  reactions 
that  shifts  or  emphasis  on  certain  components  of  the  sulphur  cycle  can  have  dramatic 
ecological  and  economic  repercussions.  These  situations  can  be  particularly  serious, 
for  once  the  sulphur  cycle  is  imbalanced  it  is  very  difficult  to  intercede  and  reverse 
or  stop  the  processes  without  an  input  of  large  numbers  of  dollars  in  prevention  and 

reclamation  work  and,  in  some  cases,  a  change  in  man's  way  of  managing  his  environment. 
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4.  FACTORS  AFFECTING  THE  MICROBIAL  OXIDATION  OF  SULPHUR 

It  has  been  shown  by  Legge  at  a1.  (1986)  that  large  amounts  of  elemental  sulphur 
may  be  deposited  several  kilometres  downwind  from  source  points  (e.g.,  loose  powdered 
sulphur  on  existing  stock  piles  or  loose  powdered  sulphur  from  prilling  operations)  here 

in  Alberta.  This  sulphur  of  course  represents  a  substrate  for  growth  of  sulphur  oxi- 
dizing bacteria.  Because  these  bacteria  produce  sulphuric  acid  as  a  byproduct,  the 

potential  for  the  creation  of  acid  sulphate  soils  is  real.  Obviously,  the  importance  of 
understanding  the  factors  influencing  the  oxidation  of  elemental  sulphur  in  soil  cannot 
be  understated,  as  recommendations  for  the  location  of  future  processing  plants  and 
sulphur  stockpiles  or  regimens  for  control  and  treatment  of  biologically  acidified  soils 

may  be  possible  outcomes.- 
There  are  three  main  features  which  influence  the  oxidation  of  elemental  sulphur 

and  these  are:  (1)  the  sulphur  itself;  (2)  the  sulphur  oxidizing  microorganisms;  and, 
(3)  the  nature  of  the  soil  environment  where  sulphur  oxidation  is  occurring  (Weir  1975). 
Each  of  these  areas  will  be  considered  in  more  detail. 

4.1'.  SULPHUR 

4.1.1  Composition 

Sulphur  is  a  very  complex  and  non-homogenous  element.  The  most  abundant  and 

stable  class  of  S°  under  normal  ambient  conditions  is  Se*^,  consisting  of  a  crown-shaped, 
eight  membered  sulphur  atom  ring  arranged  in  an  orthorhombic  crystal  lattice  (Meyer 
1976).  Small  amounts  of  polymeric  sulphur  Sp  (helical  chains  up  to  300,000  sulphur 

atoms  long)  (Tobolsky  and  MacKnight  1965)  and  Sx  composed  of  a  mixture  of  non-Sa 
membered  rings  (Se  to  Sae)  and  non-crystalline  amorphous  Se  (Steudal  1982)  make  up  the 

other  two  major  molecular  classes  found  in  S°.  The  percentage  composition  of  these 
molecular  classes  found  in  S°  are  dependent  on  the  thermal  history  and  mode  of 
solidification  (Hyne  and  Kobryn  1981). 

In  experiments  to  look  at  the  effect  of  molecular  composition  on  bacterial 

sulphur  oxidation,  Laishley  et  al.  (1984)  first  purified  production  grade  sulphur 
(99.95%)  further  by  the  method  of  Bacon  and  Fanelli  (1942)  to  the  point  where  it 

contained  1  ppm  impurities.  This  sulphur  referred  to  as  "B  and  F"  had  a  molecular 

composition  of  91.4%  Se"',  8.3%  Sx  and  0.3%  Sy.  A  second  class  of  sulphur  was  prepared 
by  subjecting  molten  B  and  F  S°  (180°C  for  20  min)  to  a  rapid  cooling  (quench)  in  liquid 
nitrogen  which  had  the  effect  of  increasing  the  percentage  of  Sx  and  Sy.  This  sulphur 
was  called  MMS  (mixed  molecular  sulphur)  and  had  a  molecular  composition  of  71.6% 

Se"',  17.9%  Sx  and  10.5%  Sy.  A  third  class  of  sulphur  was  obtained  by  extracting 
Sy  from  MMS  with  CS2.  This  sulphur  was  called  polymeric  sulphur  (Sy)  and  its 
composition  was  100%  Sy. 

Laishley  et  al  .  (1984)  showed  that  the  B  and  F  sulphur  and  the  Sy  (polymeric 
sulphur)  were  oxidized  by  Thiobaci 1 lus  albertis  at  similar  rates  while  the  MMS  sulphur 
was  oxidized  at  a  much  slower  rate.  It  was  clearly  shown  that  the  rate  curves  for  these 
sulphur  forms  began  to  diverge  only  after  some  5%  of  the  total  sulphur  was  consumed 

(3  days).  However,  MMS  contained  Se"'  and  Sy  species  well  in  excess  of  this  percentage, 
indicating   that   the   effect   of   the   different  molecular   species   in  MMS  was   not  simply 



related  to  the  amount  present.  Rather,  the  Sx  species  in  the  MMS  was  likely  affecting 

the  rate  at  which  the  bacteria  could  oxidize  sulphur  forms  (Sy  and  Sa'*)  that  are  other- 

wise readily  metabolized  to  S04^  .  It  was  suggested  that  the  increase  in  Sx  content  could 
conceivably  alter  the  way  in  which  the  sulphur  crystal  lattice  was  packaged,  thereby 
reducing  the  number  of  sterically  favourable  binding  sites  of  T.  albertis  growth  as 

compared  to  the  "B  and  F"  control  sulphur,  resulting  in  the  lower  oxidation  rate  after 
the  initial  three  days.  This  effect  of  molecular  composition  of  sulphur  on  microbial 
oxidation  rate  is  not  just  an  academic  one,  for  the  composition  would  vary  depending  on 
what  time  of  the  year  the  sulphur  was  made  at  the  gas  plants.  For  example,  the  cool 
temperatures  of  January  might  have  the  same  effect  of  quick  cooling  the  molten  sulphur 
and  thereby  increase  the  percentages  of  Sx  and  Sy  in  the  sulphur. 

4.1.2       Particle  Size  and  Weight 

It  has  been  known  that  particle  size  of  the  sulphur  influences  the  microbial 
oxidation  rate  (i.e.,  the  smaller  the  particle  size  the  faster  the  oxidation  rate). 

Laishley  et  al.  (1983)  have  further  noted  that  particle  size  also  determines  the  total 

amount  of  S  which  can  be  converted  to  sulphuric  acid.  Specifically,  T.  albertis  metabo- 
lized  approximately  70%  of  the  added  powdered  sulphur  (particle  size  150  ym  -  250  ym)  as 
compared  to  3%  of  an  equivalent  weight  of  prilled  sulphur  (particle  size  1.68  mm- 
2.00  mm).  Such  information  and  critical  studies  with  prilled  sulphur  of  varying  surface 

areas  was  instrumental  in  establishing  the  relationship  that  the  microbial  oxidation  rate 

of  sulphur  was  a  function  of  surface  area  per  unit  weight  of  sulphur  (Laishley  et  al.  1- 
983) . 

This  principle  of  sulphur  oxidation  correlating  with  surface  area  per  unit 
weight  of  sulphur  has  a  practical  application;  bacterial  sulphur  oxidation  is  not  going 
to  occur  in  an  important  way  unless  the  available  sulphur  surface  area  to  unit  weight 

ratio  is  large,  as  is  the  case  with  wind-blown  powder  sulphur  from  huge  sulphur  storage 
blocks.  This  also  explains  why  the  towering  sulphur  blocks,  where  the  surface  area/unit 

weight  sulphur  ratio  is  small,  have  not  produced  "oceans"  of  biologically  produced 
sulphuric  acid  over  the  last  25  years. 

A  recommendation  for  reducing  elemental  sulphur  environmental  contamination  via 
microbial  oxidation  is  to  continue  to  store  the  sulphur  in  the  solid  block  form  and 
minimize  the  loose  powdered  sulphur  which  is  created,  for  example,  as  a  result  of  sulphur 
remelt  operations,  prilling  operations,  or  transport  of  sulphur. 

4.2  SULPHUR  OXIDIZING  MICROORGANISMS 

As  soils  differ  in  the  number  and  types  of  sulphur  oxidizing  microorganisms,  so 

too  do  they  vary  in  their  natural  abilities  of  oxidizing  elemental  sulphur  (Moser  and 
Olson  1953;  Weir  1975).  In  addition  to  this,  local  environmental  pH  conditions  dictate 

which  sulphur  oxidizers  will  be  dominant.  For  example,  the  acidophilic  thiobacilli  would 

not  be  actively  involved  in  soils  with  basic  pH  and  conversely,  it  would  be  unusual  to 
detect  less  acidopohilic  thiobacilli  playing  dominant  roles  in  extremely  acid  conditions. 

Even  if  soil  conditions  are  ideal  to  support  the  thiobacilli,  it  should  not  be  forgotten 
that  the  acidification  process  generally  takes  place  through  a  succession  of  thiobacilli 

(Parker  1947;  Laishley  and  Bryant  1985),  beginning  with  the  less  acidophilic  species  and 
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ending  with  the  more  acid  tolerant  species.  These  events  of  course  do  not  happen 
overnight  and  are  strongly  dependent  on  the  soil  environment  (see  below). 

An  interesting  area  of  study  has  centred  on  finding  how  the  thiobacilli  attach 
to  the  hydrophobic  sulphur.  Takakawa  et  al.  (1979)  showed  that  the  initial  attachment 

of  Thiobaci 1 lus  thiooxidans  to  S°  was  pH  dependent,  energy  dependent,  and  involved  a 
chemical  interaction  between  the  sulfhydral  groups  on  the  cell  envelope  and  elemental 
sulphur.  However,  in  studies  with  Thiobaci 1 lus  al berti s ,  Bryant  et  al.  (1984)  found 
that  the  attachment  to  sulphur  was  not  dependent  on  physiological  conditions  such  as  pH, 
cellular  energy,  or  peripheral  cell  envelope  thio  groups  but,  rather  was  dependent  on 

the  cell's  glycocalyx  (Costerton  and  Irvin  1981;  Bryant  et  al  .  1983).  This  threadlike 
material  which  radiates  outward  from  the  cell  wall  is  probably  an  acidic  mucopolysac- 

charide polymer  (Holt  and  Beveridge  1982)  and  has  been  detected  only  recently  in  the 
thiobacilli  via  transmission  electron  microscopy  using  the  antiserum  stabilization 
technique  (Bryant  et  al.  1983)  or  scanning  electron  microscopy  (Ladd  1982).  With  regard 

to  Ladd's  study  (1982),  he  showed  that  unidentified  thiobacilli  attached  to  rocks  by 
means  of  glycocalyx  material.  These  thiobacilli  were  located  downstream  from  a  coal 

mine's  effluent  creek.  In  addition,  Laishley  (unpublished  data)  has  isolated  another 
new,  less  acidophilic  Thiobaci 1 1  us  species  which  possesses  an  extensive  glycocalyx 
network,  again  only  microscopically  visualized  by  antiserum  stabilization  techniques. 

We  know  that  under  ideal  conditions  and  within  the  first  two  days  the  majority 
of  the  thiobacilli  cells  from  the  initial  culture  inoculum  are  going  to  be  attached  at 
certain  sites  on  sulphur  (prilled)  by  their  glycocalyx  (Bryant  et  al.  1983).  It  was 
reasoned  that  microcolony  development  may  occur  at  these  sites  whereby  the  initial 
adhering  cell  would  divide  into  two  daughter  cells  after  obtaining  enough  energy  from 

the  oxidation  of  S°  for  fixing  CO2  into  cell  constituents.  This  process,  repeated  many 
times,  would  allow  biofilms  to  grow  on  the  surface.  Because  S04^  production  occurred  at 
a  linear  rate  over  the  course  of  the  experiment,  it  was  postulated  that  only  a  fixed 
number  of  adhering  cells  are  able  to  metabolize  the  sulphur,  perhaps  because  of  the 

physical  constraints  of  the  Se°^  crystal  lattice  in  the  solid  sulphur  or  because  some 
cells  are  impeded  from  coming  in  contact  with  the  sulphur  by  a  thick  layer  of  glycocalyx 
(Laishley  et  al.  1983).  This  hypothesis  was  supported  by  three  pieces  of  evidence. 

First,  SO-*^  production  occurred  in  a  linear  fashion.  Secondly,  approximately  3%  of  the 
sulphur  prill  was  oxidized  at  the  end  of  the  experiment  and  thirdly,  scanning  electron 
microscopy  showed  only  cell  surface  growth  of  T.  albertis  (Laishley  et  al.  1983).  For 

these  reasons  it  is  therefore  possible  that  the  organism's  growth  on  the  sulphur  may  be 
somewhat  self  limiting. 

4.3.  SOIL  ENVIRONMENT 

4.3.1  Temperature 

Microbial  oxidation  of  sulphur  is  markedly  influenced  by  temperature.  It  is 

generally  agreed  that  oxidation  can  occur  below  10°C,  although  the  rate  is  very  slow 
(Weir  1  975).  Maximum  rates  of  oxidation  have  been  repored  at  40°C  (Li  and  Caldwell 
1966).  However,  in  contrast  to  this,  a  recent  work  by  Bryant  et  al  .  (1985)  showed  that 
the  newly  characterized  acidophilic  Thiobaci 1 1  us  albertis  (Bryant  et  al.  1983)  could  not 
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oxidize  sulphur  at  5°C  or  37°C  and  that  its  maximum  rate  of  oxidation  occurred 
at  28°C.  An  interesting  feature  here  was  that  the  organism  was  killed  at  37°C 

but  not  at  5°C.  In  fact,  the  organism  can  even  survive  long  periods  of  freezing  (-20°C) 
and  resume  its  activities  when  incubated  at  28°C. 

This  is  important  information  for  it  suggests  that  to  minimize  sulphur  oxida- 
tion, the  sulphur  should  be  kept  in  cool  locations.  Here  in  Alberta  we  are  at  an 

advantage  with  a  particularly  short  growing  season  and  a  prevailing  cool  annual  climate. 
An  important  point  is  that  if  all  the  sulphur  oxidizing  microorganisms  survive  freezing 
conditions  as  T.  albertis  does,  then  each  year  when  conditions  warm  up  the  sulphur 
oxidizing  activity  would  resume,  and  although  the  period  of  sulphur  oxidation  is  short, 
its  effects  could  be  cumulative  over  the  years. 

4.3.2       Soil  Type 

Soil  type  can  have  a  profound  effect  on  the  rate  at  which  S  is  oxidized.  In 
this  regard,  buffering  capacity  is  very  important,  as  it  tends  to  dictate  how  fast  the 
succession  of  thiobacilli  will  occur.  To  examine  this  feature,  sulphur  concrete, 
Portland  cement,  and  elemental  sulphur  cylinders  were  buried  at  different  test  sites 
throughout  the  province  of  Alberta  in  the  fall  of  1974  (Laishley  1978).  These  soil  test 
sites  were  at  Lethbridge,  The  University  of  Calgary,  Kananaskis  Research  Station,  and 
Battle  Lake  and  are  described  respectively,  as  follows  (Laishley  and  Bryant  1985): 

1.  Canada   Agriculture   Research   Station,    Lethbridge.     Classified   as   a  brown 

agricultural  soil. 
2.  University  of  Calgary  tree  nursery.     Top  soil  at  this  site  was  removed  for 

many  years  and  now  consisted  of  a  subsoil  of  light  dry  sand  loam  (pH  8.5). 
3.  Kananaskis.    Alkaline  forest  soil  (pH  8.2)  near  Barrier  Lake. 

4.  A  slightly  acid  forest  soil   (pH  6.75)  near  Battle  Lake,  approximately  30 
miles  southwest  of  Edmonton. 

The  data  showed  that  cylinders  made  of  elemental  sulphur,  or  a  composite  sulphur 

concrete  mix,  acted  as  a  substrate  for  growth  and  proliferation  of  the  initially  non- 
detectable  indigenous  thiobacilli  population  within  a  short  period  of  time,  irrespective 
of  soil  type.  After  several  years  the  thiobacilli  were  detected  around  the  different 

sulphur  containing  specimens,  demonstrating  the  succession  of  the  different  thiobacilli 

types  in  which  the  less  acidophilic  species  appear  first,  preparing  an  acid  environment 
conducive  to  the  growth  of  the  acid  loving  acidophiles  (Bryant  et  al.  1983).  Even  though 
significant  thiobacilli  populations  were  detected  in  soils  surrounding  the  different 
sulphur  cylinders  within  the  first  two  years  and  persisted  throughout  the  test  period  (8 

years  up  to  1982)  at  the  various  field  sites,  soil  acidification  occurred  at  different 
time  periods  depending  on  a  number  of  conditions.  At  the  Lethbridge  and  Battle  Lake 
sites,  drastic  soil  acidification  occurred  only  around  the  different  sulphur  cylinders 

which  were  either  broken  into  small  pieces  by  vandals  (Battle  Lake)  or  observed  to  be 

deteriorating  by  natural  causes  (Lethbridge)  as  compared  to  a  very  slow  trend  in 
acidification  of  soils  surrounding  the  intact  sulphur  containing  cylinders  at  the  other 
sites  (see  explanation  on  surface  area  per  unit  weight  of  sulphur  above).    This  microbial 



acidification  process  was  in  progress  for  five  years  at  the  Battle  Lake  site  before  it 
became  evident  by  measuring  pH  alone.  The  more  highly  buffered  Lethbridge  soil  showed 
this  pattern  of  development  after  seven  years.  It  is  recognized  that  the  relatively 
quick  acidification  of  the  Battle  Lake  site  may  be  partly  attributed  to  the  fact  that 
forest  soils  in  general  are  poorly  buffered  and  acidify  much  more  quickly  than  highly 
organic  agricultural  soils  (Nyborg  1982).  Although  the  Kananaskis  soil  had  high 
thiobacilli  counts  it  showed  no  trend  in  acidification  after  eight  years  due  to  its  high 
percentage  of  carbonates. 

This  finding,  that  it  takes  a  long  time  to  detect  soil  pH  changes  in  regions 
which  may  be  contaminated  with  sulphur,  was  also  illustrated  by  Lore  (1984).  It  was 
found  that  no  pH  change  occurred  in  soil  profiles  over  a  nine  year  period  near  the 
Waterton  Sour  Gas  Plant  in  southern  Alberta.  This,  however,  does  not  preclude  the 

existence  of  large  populations  of  thiobacilli  in  this  soil  because  they  were  not  measured 
in  this  study.  As  Laishley  and  Bryant  (1985)  indicate,  the  measurement  of  pH  alone  tends 
to  give  a  false  sense  of  security.  This  was  especially  true  in  those  studies  which 
showed  no  significant  changes  in  pH  over  long  periods  of  time  even  though  active 
microbial  oxidation  of  sulphur  to  sulphuric  acid  was  occurring  (Laishley  and  Bryant 
1986).  In  fact,  the  soil  pH  determinations  only  showed  soil  acidification  after  the 
event  had  happened  and  the  time  for  this  to  occur  depended  on  when  the  soil  finally  lost 
its  own  natural  buffering  capacity.  There  is  no  question  that  the  microbial  assay  system 
for  thiobacilli  (developed  by  Laishley  and  Bryant  1985)  is  a  sensitive  and  rapid  test 
procedure  for  detecting  fugitive  sulphur  contamination  from  whatever  source  and  would 
allow  lead  time  for  corrective  measures  to  be  employed  to  prevent  potential  environmental 
acidification  problems. 

4.3.3       Moisture  and  Nutrients 

Sulphur  oxidizing  microorganisms  are  strongly  affected  by  moisture  conditions. 
Often  in  soil,  moisture  status  is  closely  linked  with  oxygen  status  and  it  is  known  that 

the  thiobacilli  will  not  grown  in  water-logged  soils.  In  lab  studies  is  possible  to  cut 
the  rate  of  oxidation  of  thiosulphate  (an  alternate  H2O  soluble  inorganic  sulphur 
compound  which  the  thiobacilli  will  oxidize)  in  half  merely  by  doubling  the  amount  of 
nutrient  broth  in  the  culture  flasks,  all  other  variables  kept  constant  (Laishley, 
unpublished  data).  This  demonstrates  the  critical  need  for  O2  availability  in  the 
oxidation  process. 

At  the  Lethbridge  Research  Station,  Laishley  and  Bryant  (1985)  observed  an 

interesting  phenomenon  related  to  moisture  levels  -  a  demonstration  of  a  complete  sulphur 
cycle  in  operation.  One  of  the  buried  sulphur  concrete  cylinders  (see  Section  4.3.2), 
which  had  already  developed  large  populations  of  thiobacilli  in  soil  adjacent  to  it,  was 
subjected  to  spring  flooding  conditions  one  season.  Consequently  the  aerobic  thiobacilli 

discontinued  growth  but  the  accumulated  sulphate  product  was  metabolized  by  the  anaerobic 
sulphate  reducers.  Indeed,  when  the  originally  pale  yellow  sulphur  concrete  cylinder 
was  removed,  it  was  covered  with  a  black  iron  sulphide  (FeS)  deposit  indicating  that  the 

sulphate  had  been  reduced  to  hydrogen  sulphide  (Laishley  1978).  The  original  presence 
and  increase  in  the  numbers  of  thiobacilli  indicated  that  the  oxidation  reactions  were 

taking  place,  while  the  hydrogen  sulphide  production  demonstrated  the  occurrence  of 
reduction  reactions  (See  Figure  1,  Section  2). 
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Moser  and  Olson  (1953)  have  also  shown  that  moisture  is  important  in  S° 
oxidation  and  found  that  moisture  levels  near  field  capacity  generated  maximum  microbial 
oxidation.  In  agreement  with  this,  Laishley  and  Bryant  (1985)  observed  at  a  sandy  loam 
site  under  very  dry  conditions  (moisture  content  <2%)  at  The  University  of  Calgary, 
that  the  sulphur  oxidizing  activity  of  the  thiobacilli  in  soils  around  these  buried 
sulphur  cylinders  was  low  and  the  occurrence  of  these  organisms  was  sporadic  over  the 

8-year  study  period. 
Along  with  moisture  content  the  nutrient  status  affects  the  activity  of  most 

plants  and  soil  microorganisms.  It  is  agreed  that  microorganisms  generally  need  the 

same  nutrients  which  are  essential  to  plant  growth  (Weir  1975).  In  fact,  sulphur  oxida- 

tion may  be  enhanced  by  N-P  fertilizers  (Bloomfield  1967)  which  presumably  augment  both 
plant  and  sulphur  oxidizing  bacteria  metabolism.  It  is  obvious  that  soil  biological 
processes  are  intricate  and  interrelated  and  that  availability  of  moisture  and  nutrients 
is  important  in  maintaining  and  perpetuating  this  activity. 

We  have  therefore  seen  in  this  chapter  that  the  factors  controlling  the 
oxidation  of  elemental  sulphur  are  many  and  varied  and  when  one  looks  at  potential 
impacts  of  oxidation  of  sulphur  on  soils  these  variables  must  be  taken  into  account. 
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5.  THE  ALBERTA  PROBLEM 

Although  most  of  the  agricultural  soils  in  the  prairie  provinces  are  neutral  or 
slightly  basic,  this  feature  does  not  necessarily  hold  true  in  Alberta  where  large 
percentages  of  land  are  already  slightly  acidic,  in  the  range  of  pH  5  to  6  (Penney  et  al. 
1  977).  In  their  study,  Penney  et  al.  (  1  977  )  determined  the  pH  of  88,000  farm  soil 
samples  and  basically  established  a  map  for  Alberta  showing  the  percentages  of  cultivated 
land  with  a  pH  of  6  or  less  (Figure  6).  The  alarming  point  was  made  that  17%  of  the 
cultivated  land  is  already  acidic  (less  than  pH  6)  and  that  another  25%  could  become 
acidic  very  soon  with  a  drop  in  pH  of  0.5  to  1.5  units  in  the  top  15  cm.  These  problems 
are  most  serious  in  the  belt  running  from  Calgary  to  Lloydminster  and  in  the  Peace  River 

region  ( Figure  6) . 
The  seriousness  of  the  pH  problem  is  realized  when  the  productivity  of  crops  is 

examined.  For  example,  the  productivity  of  some  crops  like  alfalfa  and  barley  were 
significantly  reduced  when  slight  decreases  in  soil  pH  were  noted  (Penney  et  al  .  1  977  ). 
The  productivity  of  crops  from  several  soil  pH  ranges  were  compared  to  the  productivity 
of  soils  which  had  been  limed  with  Ca(0H)2  such  that  the  final  pH  was  6.7  in  all 
cases.  Some  of  these  data  are  presented  in  Table  5  and  clearly  show  the  effects  of  acid 
on  crops;  the  yields  of  barley  and  alfalfa  were  increased  by  98%  and  301%,  respectively, 
by  liming  pH  5  soils  to  6.7.  From  another  perspective,  it  can  also  be  seen  that  unlimed 
soils  in  the  pH  ranges  <5.0  and  5.1  to  5.5  were  far  less  productive  than  soils  in  the 
pH  5.5  to  6.0  range.  After  viewing  such  data  one  might  be  left  with  the  impression  that 

all  agricultural  crops  are  adversely  affected  by  acid.  However,  such  is  not  the  case  - 
rapeseed  and  red  clover  are  more  acid  tolerant  and  do  not  show  the  drastic  reduction  in 
crop  yield  at  pH  <5  as  do  barley  and  alfalfa  (Penney  et  al  .  1  977  ). 

In  Alberta,  the  sour  gas  processing  industry  removes  the  contaminating  hydrogen 
sulphide  from  the  gas  and  converts  it  to  elemental  sulphur  via  the  Claus  process  (Hyne 
1  977  ),  while  the  unreacted  H2S  is  burned  and  released  to  the  atmosphere  as  SO2.  The 

data  regarding  the  acidification  of  soils  by  these  SO2  emissions  is,  however,  contra- 
dictory. Lore  (1984)  examined  soil  pH  changes  over  a  9  year  period  in  soils  near  the 

S02-emitting  Waterton  Gas  Plant  in  southern  Alberta  and  found  that  no  acidification 

trend  was  occurring;  presumably  the  soil's  natural  buffering  capacity  was  preventing 
acidification.  This  finding  does  not  support  the  theory  of  Nyborg  et  al .  (1977)  regard- 

ing acidification  of  soils  in  a  10  to  20  year  period  of  time,  nor  does  it  support  the 
work  by  Laverty  and  Carson  (1977)  in  which  two  Alberta  soils  directly  downwind  and  up  to 

6  miles  from  SO2  plants  (16  years  in  operation)  were  0.5  to  1  pH  unit  lower  than  soils 
directly  upwind  and  up  to  15  miles  from  these  plants.  This  latter  difference  in  soil  pH 
may  not  be  significant,  however,  because  seasonal  fluctuations  in  soil  pH  may  vary  as 
much  as  2  units  (Lore  1984). 

The  problems  of  assessing  the  effects  of  SO2  emissions  in  the  acidification 

of  soils  are  further  complicated  by  the  fact  that  several  areas  of  the  province  are 
sulphur  deficient.  Beaton  and  Soper  (1985)  have  identified  several  regions  where  sulphur 
deficiencies  have  occurred,  or  are  most  likely  to  occur,  and  these  include  soils  which 

are  Black  Chernozemic,  Grey  Luvisolic,  and  Eutric  Brunisols  (Figure  7).  Nyborg  and 

Walker  (1977:174)  argue  that  the  SO2  emissions  could  supply  "at  least  a  part  of  the  40 
million   pounds   required  to  supplement  soil   reserves."     The  only  problem  with  this  is 



Figure  6. Location  of  soil  testing  areas  in  Alberta,  and  the 
percentage  of  cultivated  soil  with  a  pH  of  6.0  or  less 
for  each  area.     (Taken  from  Penney  et  al .  1977). 
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03  HUMIC  FERRIS  PODZOLIC 
H     ORGANIC  SOILS 

R  ROCKLAND 

Figure  7.      Soils  of  Alberta.    (From  Clayton  et  al,  1977  iji  Beaton  in 
American  Society  of  Agronomy  Monograph  on  Sulphur  (in 
press) . 
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Table  5.  Average  crop  yield  as  influenced  by  soil  pH  and  liming. 

C  rop 

pH 

Range 
No.  of 
C  -1  -t-  Q  C o  1  xes 

Average  Yield 

%  * 

No  Lime  Lost 

\  K  g  /  ri  a 

L  i  me 
%  Increase 
From  Lime 

Barley 5.0 +  less 5 1  790 54 3550 98 

(Gait) 5.1 
-  5.5 

17 2960 25 3450 17 

5.6 
-  6.0 

7 3930 4140 5 

Alfalfa 5.0 +  less 6 1580 
64 

6330 301 

5.1 
-  5.5 

13 3110 28 5300 

70 

5.6 
-  6.0 

8 4350 6420 

48 

* Percentage 

crop  yield 

of  yield 
in  the  pH 

lost  in  unlimed  acid 

range  5.6  -  6.0. 

soi  1  s relative  to 

Source:    Penney  et  al .  (  1  977)  and  Nyborg  and  Walker  (  1  977). 
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that  SO2  deposition  decreases  drastically  as  the  distance  from  the  source  point 
increases,  making  equal  distribution  of  the  SO2  an  impossibility.  Furthermore, 

getting  SO2  to  only  those  plant  species  deficient  in  sulphur  could  not  be  controlled. 
However,  the  feature  of  different  sulphur  requirements  for  various  crops  on  the  soils 
may  explain,  in  part,  certain  discrepancies  noted  by  researchers  with  regard  to  soil 
acidification  by  SO2  emissions. 

Another  factor  complicating  assessments  of  acidity  from  SO2  emissions  is  that 
of  fertilizer  practices  on  agricultural  soil  in  the 
province.  Ammonium  based  fertilizers  (e.g.,  ammonium  nitrate,  ammonium  sulphate)  are 
usually  converted  to  nitric  acid  via  the  nitrification  process  (Nyborg  and  Walker  1977). 
However,  when  fertilizer  applications  are  modest,  this  aspect  of  creating  acid  soil  would 
not  be  considered  large. 

Although  the  problems  of  determining  SO2  contributions  to  soil  acidity  are 
complicated,  there  are  two  other  concerns  associated  with  the  sour  gas  processing 

industry;  both  of  these  are  related  to  the  product  sulphur.  The  first  problem  deals 
with  the  subject  of  sulphur  dust  deposition.  As  background  information,  this  dust  can 
be  created  in  two  ways.  In  one,  the  recovered  elemental  sulphur  derived  from  the  Claus 
process  is  stored  by  pouring  molten  sulphur  into  huge  blocks  (often  the  size  of  buildings 
and  highly  visible  for  several  miles).  The  problem  stems  from  the  loose  powdered  sulphur 
on  the  surfaces  of  these  blocks  which  can  often  be  swept  away  by  winds  and  deposited  on 
nearby  soils.  This  situation  of  creating  loose  powder  can  often  be  aggravated  by  the 
digging  of  heavy  machinery  when  loading  sulphur  on  train  cars  for  subsequent  shipment 

and  sale.  The  other  way  in  which  sulphur  dust  if  formed  is  via  a  S°  granulation 
operation  which  essentially  involves  melting  the  sulphur  and  passing  the  sulphur  over  a 
stream  of  cool  air.  A  classic  example  of  this  operation  is  provided  by  the  Canterra 

Energy  Limited  S°  granulation  operation  at  the  West  Whitecourt  Gas  Plant  in  Alberta. 
Legge  et  al.  (  1986)  have  estimated  the  sulphur  deposition  within  5.55  km  of  the  S° 
dust  emission  source  to  be  as  low  as  374,222  kg  and  perhaps  as  high  as  748,448  kg.  In 
addition  to  this  sulphur  loss,  however,  is  the  environmental  loss  due  to  the  microbial 

acidification  of  S°  to  sulphuric  acid  already  described  by  Laishley  (1985)  for  the 
above  system.  Legge  et  al.  (1986)  further  suggested  that  the  environmental  cleanup  of 
these  acidified  soils  would  likely  be  substantial. 

Although  this  latter  granulation  operation  is  located  in  a  forest  system,  there 
are  other  numerous  sulphur  blocks  and  production  plants  throughout  Alberta  and  many  of 
these  are  adjacent  to  agricultural  soils.  If  these  contiguous  soils  receive  continuous 
input  of  loose  powdered  sulphur  from  these  towers  in  an  uncontrolled  way,  there  is  little 
doubt  that  the  sulphur  oxidizing  microorganisms  will  convert  this  sulphur  to  sulphuric 
acid,  probably  dropping  the  soil  pH  over  time.  Even  liming  such  soils  in  an  attempt  to 
neutralize  the  acid  only  provides  optimum  conditions  for  the  less  acidophilic  thiobacilli 
to  continue  the  process  (Laishley  1985).  As  long  as  there  is  a  readily  available  supply 
of  sulphur  the  thiobacilli  will  continue  to  grow  (Laishley  1985).  Moreover,  in  view  of 
the  study  of  Penney  et  al.  (1977)  in  which  a  small  pH  decrease  (0.5  to  1.0  unit)  affected 

productivity  of  crops  like  alfalfa  and  barley,  one  can  only  conclude  that  these  agricul- 
tural soils  are  at  high  risk  of  becoming  infertile. 
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A  second  problem  associated  with  the  sulphur  block  tower  is  now  centred  on 

recovery  of  the  sulphur  block  pads  on  which  the  towers  sit.  Since  the  1970's  the  demand 
for  Alberta's  sulphur  has  increased  to  the  extent  that  most  of  the  surplus  sulphur  will 
be  exhausted  in  the  not  too  distant  future  (J.B.  Hyne,  per.  comm.).  Unfortunately,  many 
of  the  sulphur  blocks  were  laid  directly  on  the  bare  soil  and  it  is  estimated  that  there 
may  be  20%  to  30%  sulphur  content  left  in  the  soil  at  the  end  of  the  cleanup  of  the 

blocks  (J.B.  Hyne,  per.  comm.).  These  soils  will  be  subject  to  intensified  microbio- 
logical acidification  processes,  particularly  if  the  sulphur  is  in  the  powder  form, 

unless  steps  are  taken  to  significantly  reduce  the  percentage  of  sulphur  remaining  in 
the  soils  after  the  blocks  of  sulphur  are  removed. 

As  we  have  seen,  the  problems  associated  with  SO2  soil  acidification  are 

difficult  to  demonstrate,  especially  in  agricultural  soils.  However,  the  soil  acidifi- 
cation associated  with  fugitive  sulphur  dust  is  more  obvious  and,  irrespective  of  soil 

type  or  characteristics,  the  sulphur  oxidizing  microorganisms  will  oxidize  the  sulphur 
to  sulphuric  acid.  However,  the  time  for  acidification  of  different  soils  does  depend 
on  soil  type,  soil  moisture,  soil  temperature,  and  soil  buffering  capacity  (Laishley  and 
Bryant  1985) . 
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6.  PREVENTION  AND  RECLAMATION  OF  ACID  SOILS 

6.1  ACID  SOILS-RECLAMATION 
Reclamation  of  acid  soils  is  a  very  difficult  process.  The  main  principle  in 

the  recovery  operation  involves  neutralization  of  the  acidity  followed  by  restoration  of 
the  nutrient  status.  Neutralization  of  the  acidity  has  traditionally  been  accomplished 

by  using  lime  (CaCOa).  Metson  et  al.  (1977)  have  estimated  that  three  parts  by  weight 
of  CaCOa  will  neutralize  one  part  of  sulphuric  acid. 

Reports  on  the  effectiveness  of  liming  indicate  that  a  temporary  increase  in 
the  mineralization  of  organic  N  may  be  expected  (Nyborg  and  Hoyt  1978)  and  there  may  also 
be  increases  in  the  microbial  activity  of  surface  material  (Ivarson  1977).  Although 
liming  generally  raises  the  soil  pH  quickly,  it  is  not  regarded  as  a  panacea  for  the 

treatment  of  all  acid  soils.  Laishley  (1985)  noted,  for  example,  that  liming  an  acid 
soil  polluted  with  sulphur  only  masked  an  existing  problem  and  really  provided  a  more 
favourable  environment  for  continued  microbial  sulphur  oxidation,  and  hence  increased 

acid  production.  Nyborg  (1974)  examined  another  problem  associated  with  liming  acid 

soils.  Heavily  limed  treatments  of  acid  soils  containing  unreacted  elemental  S° 
showed  severe  nitrogen  and  phosphorous  deficiency  for  plant  growth  due  to  increased 
sulphur  oxidizing  bacterial  activity.  It  is  hard  to  conceive  that  this  specialized 
group  of  bacteria  alone  could  deplete  the  nitrogen  reserve  of  that  soil.  Rather,  it 
probably  resulted  from  the  combined  increase  in  overall  soil  microbial  activity  at 
neutrality,  followed  by  leaching  out  of  these  important  inorganic  nutrients  due  to  the 

rapid  re -establ i shment  of  acid  conditions  by  the  thiobacilli.  Obviously,  reclaiming  any 
acid  soil  without  considering  other  complicating  factors  (such  as  the  continued  presence 
of  sulphur  in  the  system)  may  be  more  disastrous  than  leaving  the  soil  in  its  perturbed 
state.  There  is  therefore  a  need  for  extensive  microbiological  research  on  liming  acid 

soils  and  the  subsequent  effects  on  soil  properties  and  dynamics. 
Assuming  that  there  are  no  complicating  factors  from  liming  acid  soil  such  as 

those  indicated  above,  it  is  conceivable  that  those  soils  which  have  experienced  acid 
conditions  for  long  periods  are  still  deficient  in  nutrients  and  in  the  microbial 
populations  so  important  in  nutrient  cycle  processing. 

Suggestions  have  therefore  been  made  that  the  recovery  of  acid  soils  may  be 

accelerated  by  transferring  these  soils  to  unpolluted  sites  or  by  mixing  fresh  microbio- 
logically  active  organic  soil  with  the  polluted  soil  (Bewley  and  Stotzky  1983;  Killham 
and  Wainwright  1984).  Bewley  and  Stotzky  (1983)  observed  that  such  a  treatment  did 
improve  the  mineralization  of  carbon  somewhat  in  the  acid  soil.  However,  Killham  and 

Wainwright  (1984)  noted  that  this  treatment  did  not  show  signs  of  improving  a  sulphur 
polluted  soil  over  a  30  month  period,  suggesting,  as  Hoyt  and  Turner  (1975)  had  noted, 

that  fresh  organic  amendments  to  acidified  soils  may  be  ineffective  or  that  recovery  may 
be  an  extremely  long  process  (Coulter  1973). 

It  should  be  obvious  that  reclaiming  acid  soils  is  a  very  serious  problem.  As 

noted  above,  the  prospects  of  reclamation  of  acid  soils  are  at  best  cautiously  optimis- 
tic. Perhaps,  though,  our  efforts  should  be  directed  at  prevention  of  acid  deposition 

in  the  first  place.  As  it  has  been  predicted  that  the  existing  stock  piles  of  sulphur 

are  likely  to  be  consumed  through  sales  in  the  market-place  over  the  next  20  years  (Hyne, 
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pers.  comm.),  it  would  seem  that  the  recovery  of  the  last  3%  to  5%  of  fugitive  SO2 
from  sour  gas  processing  plants  is  practical.  Not  only  would  any  environmental  problems 
related  to  acid  deposition  from  SO2  be  eliminated,  but  industry  would  benefit  by 
recovering  more  saleable  sulphur.  Although  the  initial  cost  of  reclaiming  the  3%  to  5% 
of  the  SO2  might  be  expensive,  the  monies  would  probably  be  recovered  in  the  long  run. 

6.2  ACID  SOILS  -  SULPHUR  POLLUTION,  A  SPECIAL  CASE 

Reclamation  of  acid  soils  containing  S°  poses  unique  problems.  Because  of 
the  simple  nutritional  requirements  of  the  thiobacilli  (i.e.  energy  from  sulphur 
oxidation  and  carbon  from  CO2),  treating  these  soils  with  lime  only  does  not  really 
accomplish  very  much,  other  than  deluding  one  into  thinking  that  the  acidity  problem  has 
been  rectified.  As  we  have  pointed  out  in  an  earlier  discussion,  the  thiobacilli 
generally  acidify  soils  through  a  succession  of  different  species.  Adjusting  the  pH  to 
neutrality  merely  provides  an  ideal  environment  for  the  less  acidophilic  thiobacilli  to 
repeat  this  acidifying  process  (Laishley  1985).  Therefore,  to  ensure  that  the  acid 
forming  reactions  are  stopped,  one  is  faced  with  two  simple  alternatives,  either  to 
reduce  the  sulphur  content  in  the  soil  or  to  develop  a  new  liming  procedure. 

In  considering  the  reduction  of  sulphur,  one  simple  means  would  be  to  place 

stringent  controls  on  those  industrial  prilling  operations  which  produce  contaminating 

wind-blown  sulphur  dust.  Perhaps  too, sulphur  blocks  could  be  made  safer  by  covering 
them  with  a  tarpaulin  which  would  cut  down  on  wind-blown  sulphur  particles  -  something 
that  would  be  far  cheaper  than  reclaiming  lost  farm  land  for  miles  around  the  sulphur 
blocks . 

A  more  serious  problem  is  encountered  in  the  block  pad  recovery  operation  where 
it  is  estimated  that  the  residual  sulphur  in  the  soil  may  constitute  as  much  as  30% 

(Hyne,  pers.  comm.).  Even  though  Hyne's  research  group  is  developing  a  procedure  in 
which  the  sulphur  content  may  be  reduced  to  as  low  as  5%,  this  sulphur  could  still  pose 
a  problem,  especially  when  one  considers  that  0.5%  sulphur  in  pure  culture  experiments 
can  support  millions  of  thiobacilli  cells  per  ml  (Laishley,  unpublished  data). 

Reclaiming  acid  soil  is  not  a  simple  task.  With  acid  soils  generated  by 
microbial  oxidation  of  sulphur,  however,  there  is  one  advantage  and  that  is  regarding  an 
early  warning  of  a  potential  problem.  From  the  thiobacilli  detection  method  developed 
by  Laishley  and  Bryant  (1985),  it  is  easy  to  monitor  and  note  when  these  bacterial 
populations  are  increasing.  As  this  event  often  occurs  years  before  actual  soil 
acidification,  one  at  least  has  some  advanced  warning  of  a  future  problem.  The  best 

correction  measure  at  this  point  is  obvious  -  eliminate  the  sulphur. 
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7.  FUTURE  WORK 
As   a   result  of   this    literature   review  a   number  of  areas  have  been  revealed 

which  require  further  study.    These  topics  are  outlined  in  point  form  below: 

1.  Traditionally,  CaCOa  has  been  used  in  bringing  acid  soils  back  to 

neutral  pH.  However,  CaCOa  when  neutralizing  acid,  releases  the  CO2 

required  as  a  carbon  source  for  growth  by  the  sulphur  oxidizing  thio- 
bacilli.  Perhaps  in  certain  circumstances  (i.e.,  sulphur  polluted  soils) 

it  would  be  better  to  use  Ca(0H)2  in  place  of  CaCOa  -  at  least  here 
neutralization  of  acid  would  not  yield  CO2.  We  make  this  statement  in 
full  awareness  that  others  (Nyborg  1982:450)  do  not  recommend  Ca(0H)2 

because  it  "raised  pH  so  high  that  soils  remained  barren."  We  believe 
that  armed  with  a  knowledge  of  the  soil's  buffering  capacity,  a  control  led 
adjustment  to  any  soil  pH  is  attainable  and,  moreover,  that  pH  values 
raised  too  high  are  a  fault  of  the  investigator  and  not  of  the  neutralizing 
agent.  We  know  too  that  CaCOa  additions  to  an  acid/sulphur  soil  merely 
provide  the  aerobic  thiobacilli  with  virtually  an  unlimited  supply  of 
CO2  for  cellular  synthesis  and  growth  (Laishley  1985).  We  do  agree  that 
the  pH  of  the  acid  soil  must  be  adjusted  to  7.0  but  in  these  special  acid 

conditions  we  feel  that  Ca(0H)2  would  be  a  more  effective  acid  neutral- 
izing agent,  where  no  CO2  is  evolved  in  the  neutralizing  reaction. 

Therefore,  we  recommend  a  comparative  time  study  on  the  effectiveness  of 

CaCOa  versus  Ca(0H)2  in  treating  acid  soils  and  the  effects  of  these 
treatments  on  the  thiobacilli  and  general  soil  microbial  activity. 

2.  As  argued  previously  in  Section  6.1,  there  appear  to  be  inconsistencies  in 

Nyborg's  (1974)  reasoning  for  nitrogen  and  phosphorous  deficiencies  (in 
heavily  limed  acid  soils  containing  unreacted  sulphur)  due  to  thiobacilli 
uptake  of  these  nutrients  for  growth.  We  feel  that  these  losses  are  due 
in  part  to  an  increased  total  microbial  activity  at  neutrality  followed  by 

leaching  processes  caused  by  rapid  re -establ i shment  of  acid  conditions  by 
the  thiobacilli.  These  depicted  events  represent  our  best  judgement  of 
the  situation  at  the  present  time  and  would  require  further  investigation 
to  clarify. 

In  another  related  problem  it  has  been  clearly  shown  that  the  activity  of 
certain  physiological  groups  of  microorganisms  was  seriously  reduced  in 
the  presence  of  acid  conditions  (Bryant  et  al.  1979).  However,  there  is 
no  information  in  the  literature  to  indicate  what  effect  liming  has  on 
these  physiological  groups.  The  question  remains  as  to  the  time  required 

to  re-establish  normal  soil  biological  activity.  Of  course,  we  have 
assumed  here  that  given  enough  time,  the  soil  would  return  to  its  natural 
physiological  state.  However,  this  may  not  necessarily  be  so  as  certain 
physiological  groups  may  be  permanently  destroyed.  There  is  no  doubt  that 
answers  to  questions  on  this  topic  would  aid  in  the  formulation  of  further 
recommendations  for  recovery  of  acid  soils. 



Although  we  have  found  species  of  thiobacilli  (one  acidophilic  and  other 
less  acidophilic)  with  a  network  of  glycocalyx  material  surrounding  the 
cell  wall,  it  would  be  useful  to  see  if  this  was  a  structure  common  to  all 

species  of  Thiobaci 1 1  us .  If  this  was  indeed  a  common  structure,  and, 
hence  a  common  mechanism  for  attachment  of  the  thiobacilli  to  sulphur, 
then  one  would  be  in  a  better  position  to  make  recommendations  regarding 
the  control  of  these  organisms  and  their  acidification  processes  in  soil. 
It  would  be  advisable  to  take  advantage  of  our  pioneering  TEW  (Thiobaci 1 lus 

Early  Warning)  system  and  have  soils  at  high  risk  for  sulphur  acidification 
routinely  examined  for  their  thiobacilli  counts.  We  have  the  expertise 

and  facilities  for  running  this  biological  monitoring  program.  It  should 

be  noted  here  that  if  these  numbers  are  high  (i.e.,  greater  than  10^ 

g  ̂  dry  weight  soil)  immediate  preventative  measures  should  be  invoked 
to  stop  further  acidifying  activity.  Information  from  point  3  (above)  may 
provide  useful  input  in  this  situation. 
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